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Abstract of a thesis submitted in partial fulfilment of the
requirements for the Degree of M.Appl.Sc.
Development and evaluation of a protocol to
identify individuals of Trichosurus vulpecula with
non-invasively recovered DNA
by
Juan F. Duen˜as-Serrano
The Australian brushtail possum (Trichosurus vulpecula) is a pervasive
marsupial pest of New Zealand. Impacting on the native flora and fauna
and the nation’s livestock industry by its vectoring of bovine turberculosis,
T. vulpecula is a priority for control and eventual eradication. Current pest
control initiatives involve aerial deployment of chemical poisons, baiting
and trapping. To establish the success of such control operations, estimates
of possum population size pre- and post culling are required. Currently
several monitoring methodologies — requiring the detection and trapping
of individuals — are available to estimate indices of abundance (e.g. the
residual trap-catch index). But these monitoring protocols are constrained
by logistical and analytical considerations. The necessity to overcome the
limitations of traditional monitoring schemes presents the opportunity to
develop and evaluate the implementation of non-invasive genetic monitoring
systems for possums. This thesis aimed to optimise an efficient amplification
system for a panel of eight microsatellite loci that allow the identification of
individual possums, characterise the occurrence of genotyping error across
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a range of conditions, and evaluate the use of salivary DNA retrieved from
interference devices as template for amplification.
Optimisation of amplification conditions for all loci in the panel was
evaluated with DNA extracted from possum tissue collected at three local-
ities in Canterbury region. Allele polymorphism was analysed by capillary
electrophoresis and fluorescence based detection of fragments. After opti-
misation, locus Tv16 was discarded from the panel due to its linkage with
locus Tv27 and amplification of unspecific fragments. Microsatellite diver-
sity patterns of the seven remaining loci revealed moderate to high poly-
morphism and heterozygosity, no evidence of genetic structuring between
localities across Canterbury (Fst = 0.03), and a sufficiently low overall
probability of identity adjusted for siblings (PIsib) (3 ×10−3) to ensure a
robust identification of individual possums based on their multi-locus geno-
type. Further exclusion of locus Tv54 was recommended based on its high
PIsib (0.63–1.00) and incidence of genotyping error.
Amplification of template DNA extracted from tissue was not exempt
from genotyping error (mean error rate per locus (el) = 4,8% and observed
error rate per multi-locus genotype (eobs) = 33.3%), these errors being as-
sociated in equal measure with stochastic causes (e.g. allele drop-out and
false alleles) and systematic causes (e.g. scoring errors, sample swapping or
contamination). No evidence of null alleles was detected.
Six loci were successfully assembled into a multiplex PCR assay. The
implementation of mutliplex PCR had no significant effects on the incidence
of genotyping error or the consistency of allele size estimation compared
to standard PCR, and represented a substantial reduction in labour and
resources needed to obtain a genotype (92% cost reduction relative to sin-
gleplex).
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While 1:6 dilution of DNA extracted from tissue did not show significant
effects on the amplification success and the mean genotyping error rate per
locus, the use of template DNA retrieved from saliva decreased the perfor-
mance of the microsatellite amplification system significantly. Only 18 of 24
samples were able to generate positive or partially positive genotypes, loci
with amplicons > 200 bp being the most affected, while the mean error rate
per locus increased to 45%
Altogether, these results indicate that locus characteristics (i.e. amplicon
size) and quality of template DNA are crucial factors affecting the sensitiv-
ity and reliability of the protocol developed. Potential ways to improve the
remote collection of DNA from saliva are recommended.
Keywords: Trichosurus vulpecula, microsatellite markers, probability
of identity, multiplex PCR, amplification success, genotyping error, saliva,
pest control, population size, non-invasive genetic monitoring.
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Chapter 1
Introduction
1.1 Non-invasive genetic monitoring
In the past decade molecular ecology has become established as an important
sub-discipline of ecology (Rieseberg et al., 2010). Molecular ecology applies
popular molecular biology techniques, such as the polymerase chain reaction
(PCR) or DNA sequencing, to quantify the genetic diversity of organisms,
populations and communities while answering questions about their ecology
(Freeland et al., 2011; Beebee & Rowe, 2008). The link between genetic
diversity and ecology provides new insights to topics that have been tra-
ditionally addressed with field techniques, such as population demography
(Banks et al., 2003), host-parasite (Luikart et al., 2008a) or predator-prey
interactions (Blejwas et al., 2006), to name a few. An increasing number
of reviews across several sub-disciplines of ecology examine the potential of
molecular approaches to further enrich their varied list of methodological
strategies (Waits & Paetkau, 2005; Sarre & Georges, 2009; Schwartz et al.,
2007). In many situations the creative use of molecular ecology approaches
can infer answers to questions that would be impractical to address using
1
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traditional techniques (e.g. the inference of historical population expansion,
Curtis et al., 2009). The identification of individuals within a population
— in order to determine the census population size — is one of the most
widely studied applications of molecular ecology and constitutes the focus
of this work.
Census population size (Nc) is defined as the number of individuals con-
stituting a population at any given point in time (used synonymously with
abundance in some texts, Freeland et al., 2011; Morrison, 2009; Mills, 2007).
Scientists estimating Nc must be able to reliably detect and identify individ-
uals of the targeted species. This can involve conducting surveys that tar-
get and count individuals, made difficult and expensive if the species under
study is elusive or distributed over a large area. Data generated from such
surveys can be analysed with rarefaction curves, capture-mark-recapture ex-
periments or occupancy models to gain an estimate of Nc (Borchers et al.,
2002; Sinclair, 2006; MacKenzie et al., 2006). A complication to the esti-
mation of Nc arises because the concept of population has many definitions
(Morrison, 2009), and surveys can only cover limited geographic regions.
To overcome some of the logistical and conceptual issues of estimating
Nc, a set of alternative parameters known as indices of abundance have been
defined (Williams et al., 2002). For example, density is an index that counts
the number of individuals per unit of area. One assumption of indices of
abundance is that all individuals in the population have constant detection
probabilities (Mills, 2007), but if this is false, the relationship between in-
dices of abundance and Nc is obscured. Despite this limitation, a moderate
level of imprecision of population size estimates is tolerated more easily than
the impracticalities of measuring Nc with the result that wildlife manage-
ment monitoring schemes often include indices of abundance rather than Nc
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(Warburton, 2000).
Further alternatives to traditional surveying methods and indices of
abundance lie in the developing field of non-invasive genetic monitoring
(NIGM). NIGM, as the name suggests, involves non-invasively collecting
samples such as hair or faeces from which DNA can be retrieved. NIGM
uses molecular markers, such as microsatellites or single nucleotide polymor-
phisms (SNP’s), to generate a genotype, or fingerprint, of each individual
within a population using the DNA collected. Unique genotypes can be
later used to estimate Nˆc using similar analytical approaches to those used
for traditional monitoring techniques. For instance, when using genetic data
for mark-capture-recapture analysis, a genotype can be considered a capture
while a repeated detection of the same genotype is considered a recapture
(for a detailed review of Nc estimation using genetic data see Luikart et al.,
2010).
NIGM possesses two important characteristics that make it an attrac-
tive monitoring scheme for wildlife management: universality and versatil-
ity. Universality because virtually all living organisms can be detected or
monitored by retrieving their DNA. Versatility because over the last decade
progress in this field has made it possible to generate reliable genotypes from
minute amounts of template DNA - as little as 1 ng or less (Benschop et al.,
2011; Petricevic et al., 2010). With the reduced amount of template DNA
required, the number of sources that DNA can be obtained from is virtu-
ally endless. Hair follicles and intestinal cells present on fresh faeces of free
ranging animals are currently the most commonly used samples for wildlife
management applications (Broquet et al., 2007b). These achievements have
been made possible by a suite of technical improvements primarily originat-
ing from the field of forensic sciences (van Oorschot et al., 2010).
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The unique characteristics of NIGM have sparked an interest in evaluat-
ing this approach for an increasing range of non-model organisms and under
a variety of contexts. While traditionally data from NIGM has been ap-
plied to species and individual identification, kinship analysis, dispersal and
estimation of population size (DeYoung & Honeycutt, 2005; Luikart et al.,
2010); the information generated by this method is also suitable for the
study of population genetics and short-term evolution of species (Hamilton,
2009; Palstra & Ruzzante, 2008). For instance, information gathered during
NIGM regimes can help in the interpretation of the mechanisms of establish-
ment and spread of founding populations, or to determine if hybridisation
counters the deleterious effects of inbreeding or loss of evolutionary poten-
tial (Allendorf & Luikart, 2007). Assessment of populations to gain such
information is a critical first step in devising management plans of invasive
species making NIGM increasingly important in effective monitoring efforts.
1.2 NIGM and Pest Management in New Zealand
The implementation of advanced monitoring methods for improved manage-
ment of invasive species is of particular importance for New Zealand. One
such species, constituting a significant threat to the country’s indigenous
biota and livestock industry, is the Australian brushtail possum Trichosu-
rus vulpecula. Because of the direct and indirect negative interactions of
T. vulpecula with native flora and fauna and its vectoring of bovine tu-
berculosis, extensive control operations are commonly undertaken in New
Zealand rural areas (O’Reilly-Wapstra & Cowan, 2010; Sweetapple & Nu-
gent, 2009). Control is primarily by means of aerial delivery of sodium
fluoroacetate (1080) or ground-based deployment of toxic baits. Once con-
trol operations take place, it is necessary to determine their effectiveness
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in order to prevent future outbreaks, guide subsequent control efforts, and
evaluate the work of private contractors (Warburton, 2000). This requires a
monitoring method that accurately estimates population size pre- and post-
control. It is desirable that the monitoring method also allows additional
information to be collected, such as patterns of aggregation and movement
of surviving individuals (Brown et al., 2004; Cowan et al., 2002; Pech et al.,
2010), or quantification of the re-invasion rate of control areas (Gleeson
et al., 2010). In order to determine these factors, the National Possum Con-
trol Agency (NPCA) currently uses the residual trap catch-index (RTCI)
(National Possum Control Agencies, 2008a; Warburton et al., 2004). The
RTCI is a standardised index of abundance for possums and is relatively
robust. However, RTCI suffers from several logistical and analytical limita-
tions. First, the RTCI protocol requires the deployment of bulky equipment
— leg-hold traps — and subsequent visits to these devices across extensive
areas of often rugged terrain; second, the deployment of devices poses an
unintended risk of interaction with endangered flightless birds such as the
weka Gallirallus australis and kiwi Apteryx spp.; third, a recent study sug-
gested that RTCI estimates have a non-linear relationship with population
size due to seasonal and density dependent variation in detection probabil-
ities (Forsyth et al., 2005). Despite these limitations, equally robust and
more cost effective methods for estimating possum abundance are currently
unavailable for widespread adoption.
A possible alternative for replacement of RTCI as the possum monitor-
ing standard makes use of WaxTags and is under development by the NPCA
(National Possum Control Agencies, 2008b). Waxtags are interference de-
vices consisting of wax blocks attached to visual lures. When compared to
leg-hold traps these devices show increased efficiency at detecting possums,
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while the indices of abundance derived from them (i.e. tag station index and
the bite-mark index) are consistent with the RTCI (Thomas et al., 2003;
Ogilvie et al., 2006). Thomas et al. (2007) also concluded that the bite-
mark index robustly reflects changes in possum population size comparable
to RTCI. Yet the accuracy of the bite-mark index has been questioned. In-
dices of abundance derived from Waxtags appear to lose sensitivity in detect-
ing population size changes when possum populations are either extremely
large or small (Morgan et al., 2007; Warburton et al., 2004). A common ar-
gument against the use of abundance indices derived from Waxtags is that
the use of lures to attract possums towards Waxtags triggers a behavioural
response known as contagion. Contagion occurs when an individual actively
seeks and bites several Waxtags on a given sampling occasion, which if un-
noticed can bias the estimate of the bite-mark index (Thomas et al., 2003;
Sargeant et al., 1998; Warburton, 2000).
In an attempt to further develop the Waxtags method, Vargas et al.
(2009) were able to amplify the barcoding region of the mitochondrial cy-
tochrome oxydase sub-unit I gene (CO-I) from DNA found on traces of
saliva collected using Waxtags. Currently, saliva retrieved from Waxtags is
an attractive substrate of remotely-collected possum DNA, given that pre-
liminary studies have established major logistical constraints of obtaining
DNA of this possum species from hair follicles and faecal samples (Gleeson
et al., 2003; Morgan et al., 2007). Saliva presents a challenge and also a
new and promising opportunity to test the ability of Waxtags to aid and
better inform allocation of possum control operations. If Waxtags allow the
retrieval of DNA of sufficient quantity and quality in order to conduct reli-
able genotyping assays, Nc can be directly determined, potentially offering
the possibility of replacing existing indices of abundance.
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1.3 Marker selection
In order to answer a variety of different ecological questions with genetic in-
formation, marker selection is critical. The progress in molecular biology has
increased the availability of markers to choose from, each with limitations
and therefore suited for a particular use.
Microsatellites are frequently used in studies involving population size
estimation. Microsatellites or short sequence repeats (SSR) are non-coding
regions of DNA conformed by a variable number of tandem repeats of a short
sequence motif, generally of one to six nucleotides (Allendorf & Luikart,
2007). Variation in the number of repeats gives microsatellites the interest-
ing property of having more than one allele, or polymorphism. It is acknowl-
edged that microsatellite polymorphism is the result of a high mutation rate
relative to the rest of the genome (10−2 to 10−6 nucleotides per locus, per
generation, sensu Oliveira et al., 2006). However, the proposed causes (e.g.
polymerase slippage or unequal crossing over) and accompanying theoreti-
cal models explaining the high mutation rate are numerous (Buschiazzo &
Gemmell, 2006, and references therein) and ultimately have profound impli-
cations on the way genetic parameters of population differentiation, such as
Fst (Balloux & Lugon-Moulin, 2002), are estimated.
When it comes to discriminating individuals, a task requiring the use
of highly polymorphic markers to quantify genetic differences at such fine
scales, microsatellite usage is widespread. While there is a variety of similar
polymorphic markers such as allozymes or restriction fragment length poly-
morphism (RFLP’s), microsatellites are generally preferred because of their
co-dominant nature, reproducibility among studies and increased power for
statistical analysis. However, the popularity of microsatellites has been ri-
valled by the inception of single nucleotide polymorphism markers (SNPs),
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which unlike microsatellites have a well defined model of mutation and are
therefore easier to score, do not require calibration when transfering be-
tween laboratories, and are amenable to different forms of typing (Garvin
et al., 2010). Although SNPs have several desirable properties, in some sit-
uations microsatellites can prove a superior choice. Unlike SNPs, primers
of microstellites can be transferred across taxa and errors associated with
genotyping can be identified and tracked (Guichoux et al., 2011a). In the
end, the choice of marker will be governed by reasons of practicality and
economy of application.
Taylor & Cooper (1998) isolated a panel of eight microsatellite loci for
T. vulpecula. This work provided future researchers with tools to study the
genetic structure of both introduced and native populations of this species.
Since then, this panel has been used in studies focused on gaining insights
into the reproductive system of T. vulpecula in their native (Clinchy et al.,
2004) and introduced ranges (Taylor et al., 2000); and understanding the ge-
netic structure and relationships of introduced populations in New Zealand
(Taylor et al., 2004). To date, one attempt has been made (using scats) to
test these microsatellites in the context of NIGM (Morgan et al., 2007). In
2000, Lam et al. reported a microsatellite locus located within an intron of
the major histocompatibility complex (MHC) gene region. This locus has
since been used in combination with some of the microsatellites described by
Taylor & Cooper (1998), in studies that examine the patterns of dispersal of
T. vulpecula remnant populations in urban Australia (Stow et al., 2006) and
to study the relationship of adult survival and genetic diversity of a closely
related species Trichosurus cunninghami (Banks et al., 2008). Finally, very
recently Sarre et al. (2010) described another set of microsatellite markers
for possums. It is clear the potential of microsatellite markers to contribute
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to a more effective control allocation is yet to be fully explored.
1.4 NIGM limitations
Genotyping of DNA collected from non-invasive sources poses a series of
challenges. The first set of complications occur during allele amplification.
Low quantity and quality of DNA collected from sources such as hair or
saliva, may generate a unique kind of stochastic error - genotyping error.
Genotyping error manifests in a variety of ways of which the most commonly
reported are: 1) allele drop-out (i.e. failure to amplify one of the alleles of
an heterozygote individual) and 2) false alleles (the erroneous scoring of
“stuttering” peaks as true alleles) (Taberlet et al., 1996). Regardless of
the type of error, the magnitude of genotyping error can seriously limit the
ability of NIGM to yield accurate population size estimates (see reviews by
Bonin et al., 2004; Broquet & Petit, 2004; DeWoody et al., 2006; Pompanon
et al., 2005). For instance, Waits & Leberg (2000) determined that a per
locus error rate as low as 0.05 can introduce a 200% bias on population
size estimates. Furthermore, failure to quantify and monitor genotyping
error occurrence can confound the conclusions of a broad range of studies.
Hoffman & Amos (2005), in their study of paternity assignment of antartic
fur seals Arctocephalus gazella, determined that error rates as low as 0.13–
0.74% per sample resulted in the incorrect assignment of 4.9% of paternities.
The occurrence of stochastic genotyping error is often associated with the
characteristics of each locus and the level of optimisation of the reaction con-
ditions at which they were processed. For instance, loci that target relatively
large amplicons (> 200 bp) may perform poorly with highly degraded DNA
(Broquet et al., 2007b), while poorly optimised reaction conditions may pro-
duce genotypes plagued with artefacts such as stuttering peaks, split peaks
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and primer dimers (reviewed in Guichoux et al., 2011a). Genotyping error is
also often associated with low quantity and quality of template DNA, which
is a common occurrence in non-invasively collected samples. But there is
uncertainty, as to which of this two characteristics — quantity or quality —
influences the occurrence of genotyping error more significantly. It is clear
by this evidence, that once a panel of markers has been selected it is criti-
cal to optimise the markers individually while quantifying the occurrence of
error in order to detect its causes.
A further complication of the genotyping process lies in errors that may
arise during two distinct processes leading to the scoring of true or “under-
lying” alleles. These processes are known as sizing and binning. Both tasks,
while conceptually simple, may induce the occurrence of human errors that
will eventually have pervasive consequences on the final quality of genotyp-
ing data (Pompanon et al., 2005; Guichoux et al., 2011a). For instance,
Hoffman & Amos (2005) attributed an important percentage of the total er-
rors detected in their study to human errors (57.4%). The specific problems
that allele sizing and binning may cause can be clarified and mitigated by
understanding how these processes operate.
In the case of allele sizing, specialised software detects the presence of
a peak representing a fragment and estimates its length by implementing
a series of complex algorithms. Size-calling algorithms use a size standard
— a collection of DNA fragments of known size all labelled with the same
fluorocrome that is co-injected into the capillary of a sequencer along with
the sample of interest — as a reference to estimate the length of a fragment
(e.g. size-matching algorithm, Applied Biosystems 2005). Despite the sizing
process being perceived as highly reproducible, in recent years a variety of
studies have questioned this assumption. In a study of Aspergillus fumigatus,
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Pasqualotto et al. (2007) reported differences of up to 5 nucleotides between
the size of a fragment determined by sequencing and the size estimated with
capillary electrophoresis. Other studies have reported differences in the size
of alleles scored using different machines (LaHood et al., 2002; Ellis et al.,
2011). Causes for this discrepancies may be varied, but it has been suggested
that nucleotide composition of microsatellite flaking sequences, fluorochrome
dye characteristics, differences in sequencer platforms, migration deviations
of the internal size standard, nature of the gel matrix used and even the
room temperature at the moment of electrophoresis can cause shifts in the
mobility of alleles, therefore producing slightly different size estimates of
the same alleles (Haberl & Tautz, 1999; Pasqualotto et al., 2007; LaHood
et al., 2002; Sutton et al., 2011). Mobility shifts can be a serious problem
that should not be overlooked, particularly when the goal is to standardise
microsatellite typing protocols across laboratories (Pasqualotto et al., 2007;
Moran et al., 2006; Ellis et al., 2011).
Binning raises a different set of issues. Because allele length estimates
are expressed as decimal values, such data needs further processing to as-
sign discrete allele categories. In well studied organisms, such as humans,
this task is performed by comparing allele length estimates to a database of
fragments of known size. The estimate length is then simply assigned the
integer value of the closest known fragment. Unfortunately for most non-
model organisms, like possums, such a database is missing. Accordingly,
scientists assign allele length estimates to bins defined either automatically
via several existing algorithms (e.g. least square minimisation, Idury &
Cardon, 1997), or manually by visually defining bin boundaries based on
allele sizes observed in a newly acquired dataset (Amos et al., 2007; Palero
et al., 2011). Whichever binning method is considered appropriate, it needs
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to be consistent in order to avoid further discrepancies in allele scoring. Cor-
rect binning needs to reflect the variety of alleles detected while accounting
for the variability of size estimates caused by mobility shifts. This can be
hard to achieve in some instances because the nominal repeat unit of a par-
ticular locus, for instance a dinucleotide repeat, will not correspond exactly
to the observed repeat unit (e.g. in average 1.8 to 2.2 bp, Amos et al. 2007).
This pattern has been termed “allele drift” or “size shift”. When size shifts
occur, allele size estimates located at the extremes of the size range could
be out of alignment with the actual repeat length and consequently fall into
the boundaries of a different bin (Amos et al., 2007; Ellis et al., 2011).
As some of these issues, in particular problems related to consistent
sizing and binning, might only become apparent at advanced stages of the
genotyping process their identification during a pilot study is essential to
inform subsequent standardisation processes.
1.5 Aims and objectives: the importance of a pilot
study
Given the outlined limitations, prior to testing the ability of the panel to
identify individuals in field conditions, microsatellites constituting a panel
need to be carefully screened for their ability to yield reliable and cost effec-
tive genotypes. Reliable genotypes are generated from loci with low suscep-
tibility to genotyping error and carefully refined laboratory protocols. Cost
effective genotypes can be easily interpreted without prohibitively increasing
the costs and time needed to process them.
Three major issues were addressed via a detailed pilot study. First it was
necessary to establish the panel’s capacity to identify individuals. Parallel to
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this objective, it was advisable to establish an efficient sample processing sys-
tem that reduced the resources spent on obtaining the desired information.
Finally, it was critical to implement a quality control system throughout the
study to ensure that the acquired information was reliable.
Once the sample management and processing was refined, the ability to
retrieve DNA of sufficient quantity and quality for genotyping from Waxtags
was tested. However, since this last objective warranted a dedicated exper-
iment, initial work was limited to refining the laboratory protocols using
good quality DNA sources such as tissue, thus avoiding the complications
of dealing with poor quality samples.
Chapter 2
Microsatellite panel
optimisation
2.1 Introduction
PCR is a powerful technique and also incredibly specific. Since PCR is con-
stituted by a number of cofactors, such as salts, primers, Taq polymerase
and DNA template; and these cofactors operate optimally at a specific set of
temperatures, some optimisation is generally required for use with specific
protocols (Freeland et al., 2011). The amplification conditions vary from
locus to locus making it necessary to carefully establish the cofactor con-
centrations and temperature profiles for each locus individually in order to
obtain consistent and strong outputs. To complicate things even further,
the relatively low portability of microsatellites across laboratories necessi-
tates the implementation of tight standardisation procedures (see Ellis et al.
2011 for an example). Thus, even when optimal conditions for markers have
already been published elsewhere, it may be necessary to re-optimise them
in order to adjust for the particular circumstances of a new laboratory.
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Once candidate markers have been identified and refined, it is important
to evaluate their capacity to identify individuals. This capacity is quantified
by the probability of identity (Taberlet & Luikart, 1999; Waits et al., 2001;
Waits & Paetkau, 2005). The probability of identity (PI) corresponds to
the probability of randomly capturing two different individuals from a popu-
lation that have the same multi-locus genotype. The probability of identity
is determined by the number of microsatellites included in the panel and
the amount of variation in the population at each locus. To achieve a suf-
ficiently low level of PI that enables identification of related individuals
(i.e. the most genetically similar), numerous microsatellite loci are required.
However, the greater the number of loci the greater the probability of geno-
typing error (Paetkau, 2004; Broquet et al., 2007b; Soulsbury et al., 2009).
This trade-off is particularly important to consider when the target popu-
lation is believed to have depleted genetic diversity. If this is the case, then
a larger number of loci will be required to obtain an acceptable probability
of identity, thus potentially increasing the occurrence of genotyping error to
unacceptable levels.
Optimising a panel also involves quantifying and monitoring the occur-
rence of genotyping errors and artefactual processes that might be polluting
the data. Researchers in the field of NIGM have developed several tech-
niques to tackle these issues, essentially based on replicating PCR reactions
for each sample (see Pompanon et al. 2005 for a thorough review). Since
the implementation of these error checking methods can greatly affect the
final cost of sample processing and are labour intensive, it is desirable to
establish baseline information that allows the identification of error prone
loci early during the development of a panel.
The first experiment aimed to work as a control and provide context for
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the following objectives. The specific objectives were to: 1) quantify the
diversity patterns of microsatellites in the panel, 2) establish the panel’s
overall statistical power to discriminate individuals (i.e. PI), and 3) screen
the panel for the occurrence of genotyping error. The opportunity was also
taken to gain some insight into the variability of microsatellite diversity
patterns across several areas in Canterbury.
2.2 Materials and Methods
2.2.1 Study Area
Between June and July of 2011, ear tissue was collected from possums cap-
tured in three distinct geographical areas across Canterbury in the South
Island of New Zealand: Banks Peninsula, Lewis Pass and Hororata (Fig-
ure 2.1). Prior to tissue collection, all individuals were sacrificed humanely,
either on the spot or at the Centre for Wildlife Management and Conserva-
tion (CWMC) at Lincoln University, where some of these individuals were
relocated for further research purposes. Approval for the removal and further
experimentation on possums was granted by the Animal Ethics Committee.
Possums were captured in habitats ranging from pockets of native beech
forest (Nothofagus spp.) within a tussock matrix to areas of exotic veg-
etation in the vicinity of farmland. Individuals from Lewis Pass (n = 9)
were captured in transects set up within a margin of beech forest and tus-
sock grassland, near Boyle village. Possums from Hororata were captured
on private farmland and subsequently transported to the CWMC (n = 19).
Possums from Banks Peninsula were captured at Kaituna Valley (n = 9),
within pockets of native vegetation featuring stands of kahikatea and matai.
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Figure 2.1: Geographic origin of samples collected for this study. BP = Banks
Peninsula, Ho = Hororata and LP = Lewis Pass.
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2.2.2 Data preparation
Tissue preservation
Tissue was collected by an incision of the distal portion of the ear. A total
of two samples per individual were collected and stored separately. Two 10
mm samples of skin and cartilage were preserved in 1.5 mL tubes containing
1 mL of 99% ethanol (EtOH) and labelled with a unique identifier. Scalpel
blades were rinsed in bleach after each incision to minimise the possibility of
cross contamination. Specimens were transported to the molecular ecology
laboratory at Lincoln University and stored at −20 ◦C.
All tissue samples were collected and preserved within 24 hours of the
animal being sacrificed. If samples could not be processed immediately, they
were stored in a fridge for no more than 72 hours.
DNA extraction
DNA was extracted using the QIAGEN DNeasy tissue and blood extraction
kit following the manufacturer’s instructions. A tissue sample of approxi-
mately 2 mm was diced into smaller portions and transferred to a 1.5 mL
tube with 180 µL of buffer ATL and 20 µL of proteinase K. The mixture was
incubated for 24 hours in a dry oven at 56 ◦C. After incubation, a mixture
of 200 µL of buffer AL and 200 µL of 100% EtOH was added to each tube,
precipitating the DNA. This new mixture was transferred to a spin column
and centrifuged at 6000 g for 1 min. Each spin column was fitted with a
filter that binds DNA molecules as they are centrifuged. This filter was sub-
sequently transferred to new collection tubes. Two washes, first with 500 µL
of washing buffer AW1 followed by centrifugation at 6000 g for 1 min, and
a second with 500 µL of washing buffer AW2 followed by centrifugation at
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20000 g for 3 min were required to rinse non-target products off the filters.
Collection tubes and flow-throughs were discarded and the columns were
finally transferred to a 1.5 mL tube. DNA was eluted by adding 200 µL of
buffer AE and centrifuging tubes at 6000 g for 1 min. The elution step
was repeated by adding 200 µL of buffer AE. A label containing a unique
identification number was printed and fitted to each tube. Finally, the
extracts were preserved at −20 ◦C.
Quantification and screening of DNA extracts from tissue samples
To quantify DNA yield, extracts were thawed and 1µL measured using
a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Inc) to
the nearest ng/µL. After initial quantification, samples were screened by
amplifying the DNA barcoding region of the mitochondrial cytochrome ox-
idase sub-unit I (CO-I) gene. All PCRs were performed with a MultiGene
TC9600-G thermal cycler (Labnet International, Inc) with the following pro-
file: denaturation at 94 ◦C for 2 min, then 33 cycles of denaturation at 94 ◦C
for 30 s, annealing at 45 ◦C for 30 s and extension at 72 ◦C for 1.30 min,
followed by a final extension time at 72 ◦C for 5 min. The 10 µL reac-
tions contained 1 µL of template, 1 µL of 10x buffer (iNtRON) (final MgCl2
concentration of 2 mM), 0.8 µL of dNTP mixture (final concentration of
0.2 mM of each dNTP, iNtRON), 0.48 µL of primers 0.48 µL of primers
MLepF1 (Hajibabaei et al., 2006) and HCO2198 (Folmer et al. 1994, from
a stock solution of 10 µM) and 0.08 µL of i -StarTaq (5 U/µL, iNtRON).
PCR products were visualised on 1.5% agarose gels. After a mixture of 5
µL of PCR product and 1 µL of gel loading buffer was loaded into each well,
gels were run at 80 volts for 40 min. Gels were visualised under UV light to
detect the presence of bands that indicated the successful amplification of a
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DNA fragment.
2.2.3 Microsatellite amplification
Fluorochrome dyed primers
A panel of eight microsatellites were selected from the literature. The 5’ end
of the forward primers was labelled with a specific fluorescent dye (6-FAM,
VIC, NED or PET, Applied Biosystems). Dye selection was based on pre-
viously reported allele size ranges and on recommendations from colleagues
(Vargas, pers. comm) (Table 2.1).
10,000 pmoles of both the forward and reverse primers were supplied
dry by the manufacturer. Primers were brought to 200 µM stock solutions
by adding 50 µL of 10 nmol/L Tris, 1 nmol/L ethylenediamide tetra acetic
acid (TE Buffer) to the fluorescent dyed primers, and 50 µL of deionised
Water (dH2O) to the unlabelled primers. Stock solutions were stored at
−20 ◦C. For initial testing purposes, primers of each locus were brought to a
working concentration of 2 µM and stored in 100 µL aliquots. Subsequently,
optimal working concentrations specific for each primer pair were adjusted
empirically.
Amplification optimisation
Initial amplification was performed following protocols in Taylor & Cooper
(1998) and Vargas et al. (2009), followed by empirical adjustment of MgCl2
concentration, thermal cycler profile and primer concentration.
Three different DNA polymerase enzymes were tested: conventional
i -Taq, i -StarTaq and i -Star MAX II (iNtRON Biotechnology). Each en-
zyme has slightly different capabilities. While the i -Taq is active at room
temperature, i -StarTaq is designed for hot start PCR, therefore it is in-
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active until the temperature of the reaction raises above a certain cut-off
value. The i -Star MAX II features a combination of i -StarTaq polymerase
plus a proofreading polymerase that gives it a higher fidelity during am-
plification. After initial experiments, i -StarTaq outperformed i -Taq and
performed similarly to i -Star MAX II. For this reason, and because it is the
least expensive enzyme, the remaining PCRs were carried using i -StarTaq
only.
Microsatellites were amplified in 10 µL standard reactions (hereafter re-
ferred as standard PCR) containing 2.5 µL of template, 1 µL of forward and
reverse primer solution (see Table 2.2 for final concentrations for each locus),
1–1.6 µL of 10x buffer (supplemented with 0–1.2 µL of Mg2+ solution (final
MgCl2 concentration of 2–3 mM), 0.8 µL of dNTP mixture (final concentra-
tion of 0.25 mM of each dNTP), and 0.08 µL of i -StarTaq (5U/µL). Cycling
was performed in a MultiGene TC9600-G thermal cycler with the following
profile: denaturation at 94 ◦C for 3 min, then 25 cycles of denaturation at
94 ◦C for 30 s, annealing at optimal temperature for 45 s (see Table 2.2)
and extension at 72 ◦C for 45–90 s (depending on the amplicon size, 45 s if
< 200 bp, 90 s if larger), followed by a final extension time at 72 ◦C for 5
min. Locus Tv19, Tv27 and Tv5.64 required of 5 touch down (TD) cycles
of denaturation at 94 ◦C for 30 s, TD annealing temperatures for 45 s (see
Table 2.2) and extension at 72 ◦C for 45 s.
In order to minimise contamination, a series of guidelines were imple-
mented for each experiment. Master mix solutions were prepared under a
UV hood to prevent contamination of reagents, negative controls were in-
cluded in all PCRs to detect possible cross-contamination, and finally PCRs
were not performed on the same day as the extractions took place.
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Table 2.2: Optimised PCR conditions for sevenamicrosatellite loci
Locus Annealing temperature (in ◦C) Primer concentration (in µM)
Tv19 55–60 0.5
Tv16 – –
Tv27 60–65 0.5
Tv53 60 0.2
Tv54 60 0.75
Tv58 60 0.5
Tv5.64 55–60 0.5
TvM1 55 0.5
a Locus Tv16 was excluded from the panel due to difficulties with PCR optimisation
and its linkage to locus Tv27
2.2.4 Fragment Analysis
The products of microsatellite singleplex reactions were visualised on 1.5%
agarose gels to screen for positive bands, in the same fashion as described
in section 2.2.2. Those products that exhibited strong positive bands were
selected for capillary electrophoresis.
Capillary electrophoresis was carried out using an ABI PRISM 3130xl
sequencer (Applied Biosystems). Products were submitted on a 96-well
micro-plate. Each well contained 0.5 µL of PCR product, 12 µL of Hi-
Di formamide (Applied Biosystems) and 0.3 µL of GeneScan–500 LIZ size
standard (Applied Biosystems). In some cases, when PCR products showed
weak bands on agarose gel electrophoresis, 1 µL of product was added to
the mixture. The micro-plate was sealed and the mixture in the wells was
denatured for 1 min at 95 ◦C. In order to prevent re-annealing of DNA
strands, the micro-plate was then kept on ice prior to loading samples into
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the sequencer.
Allele scoring
Fragments were visualised and their sizes estimated using Peak Scanner
v1.0 (Applied Biosystems). A combined results table was then exported
in .txt format into the program MICROSATELIGHT (Palero et al. 2011).
This program is an open-source platform specifically developed to score mi-
crosatellite data and translate its outputs into files that can be interpreted
by a variety of commonly used population genetics software.
MICROSATELIGHT offers automated and manual possibilities for defin-
ing allele bin boundaries (AlleloBin, Prasanth et al. 2006; Binator, Palero
et al. 2011). Binning was performed using the AlleloBin sub-routine. Al-
leloBin implements the least square minimisation algorithm defined by Idury
& Cardon (1997).
In order to detect all of the alleles produced during PCR reactions, al-
lele scoring was completed by visually inspecting all electropherograms and
comparing these observations with results from automated allele scoring.
2.2.5 Genotyping error
In order to detect and quantify the magnitude and frequency of genotyping
error, a minimum of two samples per locality were randomly selected for
replication (n = 8). The selected samples represent ∼ 20% of the total
dataset as advised by (Pompanon et al., 2005). Microsatellite amplification
was undertaken as described in section 2.2.3.
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2.2.6 Data Analysis
Microsatellite polymorphism
The number of alleles per locus, number of private alleles, observed (Ho),
and the expected heterozygosity (He) were estimated for each locus across
localities. In order to detect deviations from Hardy-Weinberg expectations
(HW), a HW equilibrium test was performed. Because there was no a priori
expectation of heterozygote excess or deficit, an HW exact probability test
was chosen (Guo & Thompson, 1992; Weir, 1996). Wright’s F statistics,
such as the inbreeding (Fis) and subpopulation structure coefficients (Fst),
were estimated using the analysis of variance (ANOVA) framework defined
in Weir & Cockerham (1984) and Weir (1996). Fst was favoured over other
measures of population structure, such as Rst, because it performs relatively
well for moderately structured populations, when a small number of loci is
analysed, and is independent of microsatellite mutation patterns (Holsinger
& Weir, 2009; Balloux & Lugon-Moulin, 2002). An exact test of population
differentiation (100000 Markov chain steps Goudet et al., 1996; Raymond
& Rousset, 1995) was performed to determine whether Fst among localities
significantly differs from zero.
Genetic diversity measures were estimated with the program GENALEX
(Peakall & Smouse 2006), which is built into Microsoft Exel. The HW
exact probability tests and F statistics were estimated using GENEPOP
v.4.1.1 (Rousset, 2008). It is worth noting that Rousset (2008) implemented
slight modifications to the estimation of F statistics in the latest version of
GENEPOP. Details of these modifications can be found in Rousset (2008).
Both the Fis and Fst goodness of fit tests were performed in the program
ARLEQUIN (Excoffier & Lischer 2010).
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Probability of identity
In order to quantify the panel’s ability to discriminate individuals, allele fre-
quencies of each locus were used to estimate the probability of identity (PI).
Because the dataset in this study is likely to contain related individuals (a
violation of one of the fundamental assumptions for an unbiased calculation
of PI) the panel’s discriminatory power was estimated using the more con-
servative probability of identity adjusted for siblings (PIsib). PIsib accounts
for potential underestimation of PI and was estimated by the formulae given
in Taberlet & Luikart (1999) and Waits et al. (2001).
The per locus PIsib is given by the equation:
PIsib = 0.25 + (0.5
∑
p2i ) + [0.5(
∑
p2i )
2]− 0.25(
∑
p4i ) (2.1)
where the term pi is the allele frequency of the ith allele at a given locus.
In accordance with the product rule, the multi-locus PIsib is obtained by
multiplying the PIsib values of each individual locus. The effect that remov-
ing a particular locus would have on the discriminatory power of the panel
was evaluated by re-estimating the PIsib iteratively, excluding the informa-
tion from one locus on each occasion. These calculations were performed in
the program GENALEX.
Genotyping error
Genotyping errors were detected by comparing the multi-locus genotype of
blindly replicated samples with their corresponding multi-locus genotype in
the original dataset. To avoid further ambiguities only allele size estimates
prior to binning were compared.
Errors were further categorised according to their possible causes in two
2.2. MATERIALS AND METHODS 27
main classes: 1) stochastic errors, which include allelic drop-out and false
alleles; and 2) systematic errors, which cover scoring errors, contamination
and sample confusion. False alleles were scored only when differences be-
tween replicated alleles were equal to or greater than two base pairs. Data
on the prevalence of stochastic errors was used to estimate per locus allele
drop-out rate (pl), per locus false allele rate (fl), weighted average of allele
drop-out rate (pw) and weighted average of false allele rate (fw), according
to the equations defined in Broquet & Petit (2004).
In order to have a more general metric for error quantification, the mean
error rate per locus (el) and the observed error rate per multi-locus geno-
type (eobs) were estimated with the equations given in Pompanon et al.
(2005). These equations require counting the frequency of mismatches. A
mismatch was scored when a minimum of one allele on each locus differed
from the corresponding alleles in the reference genotype. Only mismatches
correspondent to stochastic and scoring errors were taken into account to
estimate el and eobs, since mismatches associated with contamination or sam-
ple swapping are not the direct result of locus or reaction characteristics. It
was considered that systematic errors can be mitigated by an increased level
of training and by enforcing more stringent laboratory and data handling
protocols.
To assess if any deficit in heterozygotes is compatible with the pres-
ence of null alleles across loci, the tests implemented by the program MI-
CROCHECKER (van Oosterhout et al. 2004) were applied to data from the
localities that showed significant departures from HW equilibrium.
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2.3 Results
2.3.1 Sample characteristics
A total of 37 individuals were captured and sacrificed. Of these, 20 were
male, 14 were female and 3 were pouch-young of undetermined sex. Except
for the 3 pouch young individuals, it was impossible to determine a priori
if all of the adult individuals collected in this study were related.
Fur colouration of 16 individuals was categorised as black while 17 were
categorised as grey. There were four individuals who were skinned before
fur colouration pattern could be determined. A great deal of variation in
fur tones was noted, thus the categorisation is considered subjective and is
provided as supplementary information only.
2.3.2 DNA quantification and screening
Tissue samples yielded variable but relatively high DNA concentrations.
A total of 71 extractions were necessary to ensure the freshness of tem-
plate DNA used for optimisation reactions. The first batch of extractions,
corresponding to 37 individuals, was performed between June-July of 2011
(median = 59.85 ng/µL, range: 29.11–297.03 ng/µL; Figure 2.2). A second
batch of just 34 individuals was extracted during October 2011 (median =
57.22 ng/µL, range: 22.61–168.00 ng/µL). All extracts exhibited positive
bands for CO-I region amplification.
2.3.3 Microsatellite amplification
PCR conditions for seven out of eight microsatellite primer pairs were op-
timised allowing for the generation of multi-locus genetic profiles of the 37
individuals collected (see Table 2.2). Despite considerable effort, PCR con-
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Figure 2.2: DNA concentration measured in ng/µL. Bars represent tissue
samples from which DNA was extracted between June-July, 2011. The
horizontal line represents the median DNA concentration (59.85 ng/µL)
ditions for marker Tv16 could not be optimised, thus forcing its exclusion
from the panel. The automated algorithm implemented to assign raw al-
lele size lengths into discrete size categories performed well for all markers
examined in this study, as revealed by the low magnitudes of normalised
variance estimated during the binning process (Idury & Cardon, 1997, data
not shown).
All refined loci showed moderate levels of allelic diversity except for locus
Tv54, which showed a reduced number of alleles across localities (Figure 2.3).
Most alleles detected in the study were present across all of the sampled sites,
although there were some instances in which private alleles were detected.
This is the case for the Lewis Pass sample site, which despite having a
reduced sample size compared to Hororata, showed a greater prevalence of
private alleles. Lewis Pass was followed closely by Hororata and finally by
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Figure 2.3: Number of alleles observed across loci and location in Can-
terbury. Numbers on the x-axis represent the different loci in ascending
order as follows: 1= Tv19, 2 = Tv27, 3 = Tv53, 4 = Tv54, 5 = Tv58,
6 = Tv5.64 and 7 = TvM1
Banks Peninsula (Table 2.3).
Despite a low mean sample size (mean ± SE: 12.29 ± 1.04), it was
possible to detect moderate levels of allelic diversity (5.57 ± 0.5) and ob-
served heterozygosity (0.64 ± 0.06) across localities. As expected by the
number of alleles detected, locus Tv54 was the only one in which observed
heterozygosity levels were low across all localities. Locus Tv58 exhibited
low heterozygosity levels both in Hororata and Banks Peninsula, while lo-
cus Tv5.64 showed relatively low heterozygosity only in Banks Peninsula
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(Table 2.3).
From the three localities sampled in this study, Hororata (χ2 = 33.98;
d.f. = 14; P = 0.0021) and Lewis Pass (χ2 = 23.11; d.f. = 12; P = 0.026)
showed significant departures from HW equilibrium. When results of the
exact probability tests were partitioned in locus/locality combinations, six
out of twenty one combinations showed significant departures from HW ex-
pectations (Table 2.4). However, after the sequential Bonferroni correction
was applied (Holm, 1979), only locus Tv58 in Hororata exhibited significant
departures from HW expectations (P = 0.019).
Loci evaluated in this study showed a low proportion of genetic diversity
due to allele frequency differences among localities (Fst = 0.03). However,
a detailed partition of Fst parameters revealed moderate levels of genetic
structure for locus Tv19 (Table 2.3). Evidence of lack of genetic structure
was further supported by a pairwise comparison matrix of Fst (Table 2.5).
From Table 2.5 it is possible to visualise Fst magnitudes among localities
indicating only moderate to low structuring. Finally, the exact test of pop-
ulation differentiation showed that the overall value of Fst found among the
three localities does not significantly differ from zero (P = 0.179).
2.3.4 Probability of identity
The PIsib estimated on the basis of allele frequencies for all localities sampled
in Canterbury was 3.0×10−3. This parameter indicates that the microsatel-
lite panel optimised in the present study provided sufficient information to
identify individual possums based on their multi-locus genetic profile. When
this parameter was re-estimated by separating allele frequencies per sampled
site, some variation in the magnitude of PIsib was observed (Figure 2.4). De-
spite this variation, the capacity to discriminate individuals remained robust
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Table 2.4: Summary of statistical parameters estimated per locus at each of
the localities sampled in Canterbury. The HW exact probability test P -values
(HW P )a and their standard error (SE) as well as the PIsib for every locus are
presented in this table
Banks Peninsulab Hororatac Lewis Passd
Locus HW P SE PIsib HW P SE PIsib HW P SE PIsib
Tv19 0.013 0.000 0.476 0.007 0.001 0.459 0.01 0.00 0.369
Tv27 0.310 0.016 0.386 0.279 0.016 0.366 0.16 0.02 0.338
Tv53 0.537 0.022 0.369 0.390 0.021 0.397 0.01 0.00 0.366
Tv54 1.000 0.000 0.899 0.720 0.000 0.638 NA NA 1.000
Tv58 0.034 0.006 0.665 0.000 0.000 0.462 0.65 0.03 0.454
Tv5.64 0.779 0.000 0.506 0.469 0.012 0.455 1.00 0.00 0.436
TvM1 1.000 0.000 0.387 0.832 0.008 0.379 0.79 0.01 0.370
a P -values before sequential Bonferroni correction are presented here
b Banks Peninsula PIsib = 7.9 ×10−3
c Hororata PIsib = 3.4 ×10−3
d Lewis Pass PIsib = 3.3 ×10−3
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Table 2.5: Pairwise comparison matrix of genetic structure (Fst)
between localities sampled in Canterbury
Fst
Locality Lewis Pass Banks Peninsula Hororata
Lewis Pass 0.000
Banks Peninsula 0.051 0.000
Hororata 0.026 0.024 0.000
across localities. Most notably, the magnitude of PIsib observed in Lewis
Pass was very similar to that observed in Hororata despite Hororata having
a larger sample size.
Whilst none of the locus exclusions drove the magnitude of PIsib to
unacceptable levels (i.e. > 0.01, Waits et al. 2001; Mills et al. 2000), this
analysis allowed detection of two important patterns (Figure 2.5). First,
it was clear that locus Tv54 contributed very little information to drive
PIsib down, which was an expected consequence of the low allelic diversity
detected for this marker in the present study. Second, contributions from
loci Tv19, Tv27, TvM1 and Tv53 seemed to constitute the basis of the
panel’s ability to discriminate individuals, supplemented by the information
provided by the remaining loci.
2.3.5 Genotyping error
The mean error rate per locus was 4.76% yielding an overall high observed
error rate per multi-locus genotype (33.33%). Of these errors, two instances
were identified as allelic drop-out, which yielded a weighted average of allele
drop-out rate of 0.05. Two loci were affected by allelic drop-out: Tv58
(pl = 0.2) and Tv27 (pl = 0.17). Similarly, two instances of false alleles
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Figure 2.4: Probability of identity adjusted for siblings variation across
localities in Canterbury. The horizontal line marks the minimum value
of PIsib required to avoid bias in genetic estimators of population size as
suggested by Waits et al. (2001)
were detected at two different loci: Tv53 (fl = 0.06 and Tv54 (fl = 0.06),
resulting in a weighted average of false allele rate (fw) of 0.02.
Two instances of human error could be clearly detected. Most likely,
these errors were due to sample confusion rather than contamination, as
negative controls of each particular experiment came out clean. No scoring
errors were detected.
No loci from Hororata or Lewis Pass showed showed evidence of the
presence of null alleles according to MICROCHECKER tests.
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Figure 2.5: Contribution of each locus to the magnitude of PIsib. Bars
represent the magnitude of PIsib estimated when the information of the
locus nominating the bar is missing. The bar highlighted in red shows the
estimated PIsib when locus Tv54 is excluded from the calculations.
2.4 Discussion
Microsatellite diversity patterns observed in this experiment indicate a mod-
erate level of genetic diversity in possums collected at Canterbury. Taylor
& Cooper (1998) pioneered the evaluation of T. vulpecula microsatellite di-
versity when they described primers for most of the microsatellites included
in the present study. Along with the description of primers, high levels
of allelic diversity and expected heterozygosity for possum populations in
New Zealand were reported (Taylor & Cooper, 1998). However, no mention
was made of the specific geographic origin of the samples in question, thus
preventing a direct comparison with the present study. In a later study
focusing on the reproductive system of possums, Taylor et al. (2000) also
reported high levels of heterozygosity and allelic diversity. In that occasion,
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samples only came from the North Island. Building on those first efforts,
Taylor et al. (2004) sampled a greater portion of the geographic range of T.
vulpecula’s distribution in New Zealand, finding differences in the allelic di-
versity and heterozygosity of possums in the North Island compared to their
counterparts in the South Island and off shore islands. Taylor et al. (2004)
found that possums in the South Island show depleted diversity as opposed
to those in the North Island, suggesting this pattern is due to a more re-
cent introduction and reduced genetic diversity of the founding populations
in the South Island (i.e. animals introduced were only from Tasmanian ori-
gin). The genetic diversity of localities sampled in this study seem consistent
with the patterns reported by Taylor et al. (2004).
The studies discussed above cover a subset of the loci evaluated here
(Tv19, Tv27, Tv53, and Tv58). Existing information on allelic diversity
and heterozygozity patterns of the remaining loci included in this panel is
scarce. Locus Tv54 was known to have low allelic diversity when first re-
ported (three alleles Taylor et al., 2000) but has been rarely used since.
However, in the few publications where it is reported, allelic diversity and
heterozygosity levels are consistently low (Banks et al., 2010). With regards
to locus TvM1, this thesis constitutes the first account of genetic diversity
patterns for this locus in the South Island. Lam et al. (2000), reported
data on diversity and heterozygosity for TvM1 in two localities in the North
Island. Since then, TvM1 has been used to infer dispersal patterns of pos-
sums within their native range (Stow et al., 2006) and the relationship of
microsatellite heterozygosity with survival in a closely related species (T.
cunninghami) (Banks et al., 2008). It is encouraging to see that allele num-
bers and heterozygosity levels for TvM1 reported in this study are very
similar to what has been already published, despite samples having come
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from distinct geographic areas. Locus Tv5.64 was first used in a study of
possum dispersal in Hawkes Bay (Cowan et al., 2007). Unfortunately at the
time of write-up, it was not possible to access the details of that work. A
later study conducted on populations in the South Island (Lewis Pass and
Selwyn) was able to characterise the allelic diversity of Tv5.64 using poly-
acrilamide gel electrophoresis (Mahood et al., unpublished). Mahood et al.’s
study was an early attempt to amplify DNA retrieved from saliva, in which
the authors reported seven alleles and a high level of expected heterozygos-
ity (0.75). While the findings of the later study are in close agreement to
what is observed here, differences in the technological approaches used to
score alleles across studies would potentially account for the differences in
allele sizing and diversity observed.
The significant departures from HW equilibrium observed in samples
from Hororata and Lewis Pass are difficult to interpret. Departures from
equilibrium should indicate that one, or many, of several evolutionary pro-
cesses assumed in the HW model are operating in a particular subpopulation
from where the sample is taken (Allendorf & Luikart, 2007; Freeland et al.,
2011; Hamilton, 2009; Hartl & Clark, 2007). Individuals collected in this
study are but a sample of larger subpopulations, or a combination of them;
and thus may or may not accurately represent the situation in the actual
subpopulations these individuals were drawn from. Because of the restric-
tive nature of HW’s assumptions, it is expected that eventually a significant
departure from equilibrium will be observed if the effect of the evolutionary
process of interest is strong enough to be detected by available analytical
procedures (Hartl & Clark, 2007). The difficulty lies in interpreting which
process — or combination of — is acting on each particular case.
Having laid down the pitfalls of interpreting HW test results, it is nec-
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essary to discuss the assumptions that make up the HW model, in order
gain insight into which processes might be responsible for the observed de-
partures. Despite the fact that mutation rates of microsatellites are known
to be higher than the rest of the genome (see section 1.3), it is reasonable
to assume that mutation had no influence on the observed results given the
relatively short time possums have inhabited in New Zealand (∼ 150 years,
Pracy, 1974 cited in Cowan 1998). Similarly, as microsatellites are consid-
ered neutral markers, it seems unlikely that natural selection is the cause
of the disequilibria. The last statement is open to debate, given that recent
studies have suggested an association between the increase in the number
of repeats of microsatellite loci and some human genetic diseases (Oliveira
et al., 2006), which will indicate they are affected by selective pressures.
Quite notably, a study on the microsatellite diversity of a closely related
species of possum (Trichosurus cunninghami) found an association between
survival and elevated heterozygosity at the major histocompatibility com-
plex linked locus TvM1 (Banks et al., 2010). Nonetheless, in the absence
of similar evidence for T. vulpecula, the assumption that loci included in
this study are not under selection appears valid. With regards to random
mating, existing evidence on the mating system of possums is inconclusive.
Previous research has found that mate fidelity is uncommon and there is lit-
tle variation in reproductive success between male possums in New Zealand
(Taylor et al., 2000). In contrast, evidence of substantial differences in male
mating success has been found in two further separate studies from New
Zealand and Australia (Sarre et al., 2000; Clinchy et al., 2004). The varia-
tion in results on possum mating systems may be a result of local or tempo-
ral conditions, and is expected, as it has been acknowledged that possums
in New Zealand exhibit a high plasticity in their behaviour that enables
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them to adapt and thrive under the most adverse circumstances (Day et al.,
2000). Even if random mating is assumed to be the rule for New Zealand
populations, there will be a limit to this behaviour imposed by distance or
geographic barriers (e.g. isolation by distance, Hamilton 2009). Although
the effect of isolation by distance may be attenuated by the tendency of
juvenile possums to actively disperse away from their native home ranges
(average of 5 km, Cowan & Clout 2000), mere migration is not necessarily
an indication of gene flow. In the absence of evidence that clearly points
in any direction, the only possible conclusion is that random mating might
occur in some subpopulations, but not in all, and not consistently through
time.
Based on the discussion above, it is clearly difficult to single out which
evolutionary processes is responsible for the observed departures. What
seems more likely in the context of this study is that the inclusion of re-
lated individuals, or of individuals of overlapping generations in some of
the samples, might be having a disproportionate effect on the observed test
results. Alternatively, the HW test could be picking up the signature of
the Wahlund effect (Allendorf & Luikart, 2007; Hamilton, 2009; Freeland
et al., 2011), which would indicate the samples contain a mixture of indi-
viduals from two separate subpopulations. This last possibility is supported
by the partition of HW tests among loci, where an overall heterozygote
deficit for the majority of loci in Hororata and Lewis Pass is apparent, while
the remaining loci exhibit heterozygote excess. However, the hypothesis of
Wahlund effect is incompatible with the lack of genetic structuring among
localities in the South Island found in this study.
The evidence for a lack of genetic structuring among localities found here
is consistent with previous studies. Taylor et al. (2004) reported a lack of
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evidence for structuring across localities in the South Island, explained as
a combination of founder effects and population bottlenecks. Given that:
i) possum introductions are a relatively recent event in New Zealand; ii)
there is historical evidence suggesting the founding population was likely
to have been constituted by a few individuals brought from Tasmania; and
iii) populations of this species are frequently controlled; it is reasonable to
think that founder effects added to a population bottleneck caused by slow
growth of the founder population is responsible for the patterns observed.
This homogenenisation effect among South Island localities might have been
exacerbated by frequent turnover of migrating individuals and random mat-
ing. Although these patterns should have changed since the adoption of
population control, the relatively recent nature of control measures may
mean that as yet the effect is not strong enough to detect.
The PIsib values estimated in this experiment confirm that the assem-
bled microsatellite panel is sufficiently robust to achieve reliable individual
identification of possums by their multi-locus genotype. With this probabil-
ity of identity adjusted for siblings, only three possums in a thousand are
expected to have matching multi-locus genotypes by chance alone. Accord-
ing to the literature, this is an acceptable value to conduct population size
estimates (Taberlet & Luikart, 1999; Waits et al., 2001; Mills et al., 2000).
For example, in a study of red deer (Cervus elaphus), Valiere et al. (2007)
estimated a PIsib of 1.17 ×10−2 based on tissue of 40 individuals. This
study had a final panel composed by 6 microsatellites. Similarly, Adams &
Waits (2007) reported a PIsib of 7.25 ×10−3 in the red wolf (Canis rufus),
estimated for a panel of 7 loci using blood of 175 individuals.
Because PIsib is a direct function of locus allelic frequencies, the ro-
bustness of the panel might vary from one subpopulation to the next, as
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effectively corroborated here. As suggested by Frantz et al. (2003), it is
also possible that the number of loci necessary to attain reliable individual
identification may vary between regions or groups within species (e.g. males
versus females). Regardless, it is encouraging to see that because of the
reduced level of genetic structure observed among samples across Canter-
bury, the robustness of the present panel remained relatively constant across
subpopulations. While it would have been desirable to obtain a multi-locus
genotype with all eight loci originally selected, the exclusion of locus Tv16
was necessary given the time constraints imposed by a study of this nature.
Even if it were possible to optimise PCR conditions for this particular locus,
there is strong evidence that suggests this locus is physically linked to locus
Tv27 (Taylor et al., 2004). It follows that its exclusion from the panel is
warranted on these grounds alone.
The mean error rate per locus reported here is unexpectedly higher than
what has been reported for similar pilot studies. Bonin et al. (2004) found an
mean error rate per locus of 0.8% and a observed error rate per multi-locus
genotype of 17.6% during a study of microsatellites of the brown bear (Ursus
arctos). Whilst the overall error rates reported here are apparently high,
there are several studies that have reported non-negligible rates of allele
drop-out and false alleles when using good quantities and quality of DNA
as template (Soulsbury et al., 2007; Hoffman & Amos, 2005; Bonin et al.,
2004). It is clear that despite the widespread assumption that DNA of good
quality should not suffer from the occurrence of stochastic genotyping error,
the implementation of quality control systems proves this assumption false.
The error identification approach adopted in this study also revealed that
half of the errors detected can be attributed to systematic genotyping errors
(i.e. sporadic contamination or sample confusion). This is consistent with
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reports of other studies that detected a high prevalence of systematic geno-
typing errors (Hoffman & Amos, 2005; Paetkau, 2003; Fernando et al., 2003),
and possibly reflects the level of training and lack of previous experience in
genotyping techniques of the author. While the occurrence of systematic
genotyping errors is undesired, it is reasonable to expect that human orig-
inated errors can be minimised as personnel experience increases. Finally,
it is encouraging to report that despite HW equilibrium tests suggesting
the potential occurrence of null alleles at locus Tv58, results of specialised
tests do not support this conclusion (see section 2.3.5). van Oosterhout
et al. (2004) developed a method to discriminate whether the signature of
significant heterozygote deficit is due to null alleles, or other causes such
as deviations from panmixia or the Wahlund effect. In the van Oosterhout
et al. approach, if the frequency of homozygotes constituted by the different
alleles detected at a locus is equivalent, it is considered as the signature of
null alleles occurrence. Taylor et al. (2000) also dismissed the possibility of
this locus suffering from null alleles. It is anticipated that with further ex-
perimentation, detection of stochastic errors will be increased, in particular
allelic drop-out and false alleles. This issue will be re-addressed further in
the following chapters.
2.5 Conclusions
Microsatellite diversity patterns observed in this study are consistent with
previous findings. Loci included in the panel, with the exception of locus
Tv54, are sufficiently polymorphic to warrant inclusion. In this respect, it is
also important to conclude that the optimised microsatellite panel provides
sufficient statistical power to identify individuals in Canterbury by their
multi-locus genotype. However, this conclusion cannot be generalised to
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other areas where microsatellite diversity patterns might differ. In such cases
the inclusion of additional markers in the existing panel may be necessary.
Given the observed departures from HW equilibrium, possibly reflecting
the inclusion of related individuals or individuals of overlapping generations
in the samples, it is difficult to arrive at a meaningful conclusion in this
regard. However, the partition of HW test per locus and locality seems
to confirm that loci evaluated here can be assumed to be at equilibrium.
Similarly, because of limited sample sizes, it is not possible to definitely
conclude that there is no genetic structure in the sampled localities, despite
evidence pointing in that direction.
The overall prevalence of genotyping error is moderate, not tending to
affect any loci or individual in particular. Although routine assessment and
reporting of the prevalence and nature of stochastic and systematic error
rates is uncommon, results found in this study are in accordance with the
literature. Careful inspection of profiles after automated scoring of alleles
allowed association of particular errors to their possible causes. This re-
vealed that half of the errors originated from human mistakes and thus are
expected to be mitigated with increased experience and training. Specific
experiments that test if this trend holds when low quantities and quality of
DNA are used as template are required to fully validate loci in the panel.
Given the low polymorphism and heterozygosity of locus Tv54, its poor
contribution to the overall PIsib, and the high incidence of adjacent alleles
in this locus, exclusion of locus Tv54 from future assays is recommended.
Chapter 3
Development of a robust
multiplex assay
3.1 Introduction
In the last decade, numerous technical improvements targeted to increase
the efficiency of non-invasive genotyping regimes have been developed (re-
viewed in Beja-Pereira et al. 2009). Yet these techniques still often need to
be tailored to individual projects needs. Such a situation presents an oppor-
tunity for a pilot study to be conducted. Doing so contributes to providing
evidence supporting the inclusion or exclusion of a particular technique in a
given genotyping regime (Gervasi et al., 2010; Valiere et al., 2007; Adams &
Waits, 2007). Once optimised, amplification of DNA and subsequent typing
- both labour intensive and expensive tasks, can process a large number of
samples with reduced resource input.
One technique expected to optimise the genotyping process is PCR mul-
tiplexing. PCR multiplexing was introduced for the first time more than two
decades ago (Chamberlain et al., 1988). Unlike standard PCR (hereafter re-
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ferred as singleplex), multiplexing allows for the simultaneous amplification
of several loci on a single reaction, providing high throughput while requir-
ing a lower quantity of DNA template. Increased amplification efficiency
and economy of resources are desirable characteristics, since a successful
combination of this amplification strategy with highly automated resolution
techniques, such as capillary electrophoresis, can boost the genotyping pro-
cess. As a result, multiplex PCR is often portrayed as a cost-effective way to
increase the efficiency of sample processing and potentially overcome the dif-
ficulties of dealing with low quantity and/or low quality DNA (Arandjelovic
et al., 2009; Beja-Pereira et al., 2009; Butler, 2005).
However, the development of a robust multiplex assay requires careful
and demanding calibration to avoid incompatibilities among primers, and to
ensure a balanced yield of product across loci (Butler, 2005), which imposes
a limit to its application. When the development of a multiplex assay be-
comes impractical, an alternative approach, known as pseudo-multiplexing
(or pool-plexing, Guichoux et al. 2011b), can also guarantee a reduction
in the costs of obtaining a genotype. Pseudo-multiplex differs from multi-
plexing in that PCR products of different loci are obtained using singleplex
reactions that are subsequently combined during capillary electrophoresis.
While pseudo-multiplexing uses more resources than multiplexing, it circum-
vents the multiplex assay lengthy calibration process, and thus can prove
more convenient in the long term.
Aside from the problems of optimising a multiplex protocol, any modifi-
cation to the protocol used to generate alleles needs to be tested for precision
and consistency. In some situations, allele size estimates of the same allele
that have been generated with differing protocols might suffer discrepancies.
These discrepancies could result from differences in the allele migration pat-
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terns through capillary electrophoresis (i.e. mobility shifts, see Section 1.4
and Figure 3.1). While recent literature has recognised the issue of mobility
shifts, in particular when conditions of capillary electrophoresis vary across
laboratories (Ellis et al., 2011; Pasqualotto et al., 2007; Moran et al., 2006),
there has been no formal comparison of the effects of implementing a multi-
plex amplification strategy on the electrophoretic mobility of fragments and
the implications for result reproducibility.
This chapter explores the construction and implementation of a multi-
plex assay and its variations using six of the loci refined in the previous
chapter. While the primary objective was to optimise the genotyping pro-
cess, the opportunity was also taken to quantify the economic benefits of
adopting multiplex PCR as a protocol for genotyping.
Figure 3.1: Illustration of a size shift published in Moran et al. (2006). The
black peaks in the figure represent the same allele but the profiles were
obtained with capillary electrophoresis run on different machines. The grey
peaks represent the size standard. This figure is reproduced with permission
of the author (Moran, pers. comm. 2012)
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3.2 Materials and methods
3.2.1 Data preparation
DNA extracts
Fresh DNA was extracted from the tissue of 27 individuals collected for
the previous experiment (see chapter 2) and used as template for multiplex
validation. An aliquot of 100 µL of the original DNA extract was separated
into an independent tube.
In order to standardise DNA concentration across samples, aliquots
of DNA extracts were measured using a NanoDrop ND-1000 spectropho-
tometer. Based on these measurements, the extract with the minimum
DNA concentration (27.5 ng/µL) was identified and the remaining extracts
were diluted to that concentration by adding appropriate volumes of Buffer
AE (QIAGEN).
3.2.2 Multiplex construction
Optimal primer combination
Information on the characteristics of six loci (Tv19, Tv27, Tv53, Tv58,
Tv5.64 and TvM1, as generated in Section 2.2.3) was introduced into spe-
cialised software for multiplex design. MULTIPLEX MANAGER v.1.0 is
open source software that uses an annealing algorithm (Kirkpatrick et al.,
1983) to simulate thousands of virtual PCR reactions (Holleley & Geerts,
2009). On each simulated PCR, the algorithm trials different primer combi-
nations. Finally, the software generates a suitability score of the top ranked
primer combinations and a graphical output that enables the user to inter-
pret the results.
Loci characteristics, such as optimal annealing temperature, allele size
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range, forward and reverse primer sequence and fluorochrome dye class, were
introduced into the software. The control parameters to generate primer pair
combinations were: i) to minimise the number of reactions; ii) to maximise
the space between markers; iii) to minimise annealing temperature differ-
ences among loci in the same reaction (Holleley & Geerts, 2009). In order
to minimise cross-reactivity of primer pairs (e.g. intra primer binding or
hairpin structure formation Vallone & Butler 2004; Shen et al. 2010), the
complementarity threshold was set to 7. The complementary threshold is the
maximum number of AT or CG matches minus the number of mismatches
for any two primers within a multiplex reaction, and is set to seven because
empirical work has demonstrated that is the maximum number required for
multiplex PCR to work (Butler et al., 2001). Since the number of primer
sets attempted to multiplex here was small, it was possible to run 1 ×109
iterations of the algorithm.
The first ranking solution generated by the software was taken into ac-
count as a template for empirical validation.
Multiplex empirical validation
How comparable the output of MULTIPLEX MANAGER is with a real
PCR depends on the accuracy of the information provided to the program.
However, it does not guarantee a suitable multiplex assembly. Therefore, it is
necessary to validate the output by reproducing the most suitable solutions
under real laboratory conditions.
Taking into account the MULTIPLEX MANAGER results, primer pairs
were combined in 100 µL aliquots. The optimal concentration in which a
readable product was generated in singleplex reactions was used to build
working primer solutions (see Table 2.2). Working solutions were created
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according to the method described in section 2.2.3. Primer solutions were
then used to amplify DNA extracts prepared in section 3.2.1.
A multiplex PCR kit (QIAGEN) was used for amplification, with slight
modifications to the manufacturer’s standard multiplex protocol. Whilst
the standard QIAGEN protocol is set for a total reaction volume of 25 µL,
ten µL reactions were optimised here. The reactions contained: 2.5 µL of
template, 5 µL of 2x multiplex PCR kit master mix (final concentration
1x), 0,5 µL of RNase free water and 1 µL of forward and reverse primer
solution. All PCRs were performed with a MultiGene TC9600-G thermal
cycler. The thermal cycler profile for the first ranked solution was as follows:
denaturation at 95 ◦C for 15 min, then 25 cycles of denaturation at 94 ◦C
for 30 sec, annealing temperature (57.8 ◦C) for 90 sec and extension at 72 ◦C
for 90 sec, followed by a final extension time at 72 ◦C for 10 min.
PCR products were visualised with capillary electrophoresis and alleles
were scored as described in section 2.2.4.
Pseudo-multiplex
Pseudo-multiplexing was trialled in the previous chapter when generating
profiles of singleplex reactions. A minimum of two and a maximum of six
PCR products were loaded simultaneously — by adding 0.5 µL of each —
in the same well. Subsequent scoring of alleles remained unmodified from
what was described for the singleplex approach in chapter 2.
3.2.3 Data analysis
Reproducibility of results
To assess whether multiplex reactions affected the reproducibility of results,
allele size estimates generated with multiplex assays were compared with
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allele size estimates of the same individuals generated with the singleplex
approach (and in some instances, the pseudo-multiplex approach). Observed
allele size estimates were obtained with the “GenotypeTable” routine in
MICROSATELIGHT.
Prior to comparing allele measurements, profiles were visually inspected
to ensure correct detection of all the peaks present on a profile. Repeated
allele measurements were subsequently cross-referenced. Instances of sample
confusion or contamination, allele drop-out and false alleles were removed
from the dataset. The remaining discrepancies, such as as mobility shifts,
were tallied and included in the final dataset.
Inspection of the dataset allowed errors to be associated with their po-
tential causes. The same error categories outlined in section 2.2.6 were
considered and recorded. Mismatches associated with stochastic and scor-
ing errors were taken into account to estimate mean error rate per locus
and observed error rate per multi-locus genotype in the same fashion as
described in Section 2.2.6. When new instances of allele drop-out or false
alleles were detected, the correspondent rates were re-estimated.
Once the data set was inspected and cleaned, the correspondence of
measurements between singleplex and multiplex approaches was assessed.
Size differences were calculated and the mean and standard deviation of
these differences was estimated per locus. Allele size estimates obtained
from singleplex and mutliplex approaches were subsequently plotted against
allele size categories (i.e. bins), designated in chapter 2 section 2.3. Allele
categories assigned in chapter 2 were assumed to reflect the true size of each
allele. Although the last assumption is unlikely to hold, this approach was
taken for analytic purposes and by no means intends to determine the actual
size of each allele. Finally, the correspondence of raw allele size to the called
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alleles was fitted with linear regression.
To determine whether there were significant size estimate differences
between products of single versus multiplex amplification, an analysis of
covariance (ANCOVA) for each locus was ran as follows:
Xvar ∼ Yvar ∗ factor (3.1)
where factor is the amplification strategy with levels singleplex and mul-
tiplex (i.e. the categorical variable), Yvar is the allele size estimate and
represents the response variable and Xvar is the allele category, which is
numerical discrete, and represents the covariate. If the interaction between
factor and covariate was not significant, a second and more parsimonious
model to test whether there were significant size estimate differences be-
tween singleplex versus multiplex amplification was formulated as follows:
Xvar ∼ Yvar + factor (3.2)
A 95% confidence interval of linear regression parameters (i.e. slope
and intercept) for each loci was estimated post-hoc to assess the change in
proportions of the relationship between co-variables.
The effect of replacing the amplification strategy (e.g. singleplex re-
placed by multiplex) on the mean error rate per locus was analysed with a
generalised linear model with a binomial error distribution and a logit link
function.
All analyses were conducted in R (R Development Core Team, 2011) as
implemented in the program R Commander (Fox, 2005).
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Economic benefits of multiplex implementation
To quantify the economic advantages of implementing the outlined tech-
niques, cost estimations of genotyping a specimen applying different tech-
niques were contrasted. The cost of genotyping was estimated on the basis
of current reagent prices in consideration to six loci. Labour costs were
excluded from this analysis.
The genotyping cost per specimen was estimated with the following equa-
tion:
G = Rt(
∑ rv
p
+ ew) (3.3)
where Rt is the total number of reactions required for each technique,
rv is total number of possible 10 µL PCRs given the volume of the reagent
provided by suppliers, p is the price of that particular reagent and ew is the
current cost per well of running capillary electrophoresis.
An example of the calculations above follows. Based on the total amount
of primer supplied by the manufacturer (10,000 pmoles, see Section 2.2.3)
the total volume of working strength solutions (assuming an average con-
centration of 5 µM) is 2000 µL. This volume, divided by the average volume
of primer used in each reaction (2µL) gives a total of 1000 possible reactions
(parameter rt in equation 3.3). This product divided by the current price
of a primer pair, 250 NZD (p in equation 3.3), gives a unit price of 0.25
NZD per reaction. Similar calculations were used to obtain the unit price
of reagents used in each particular case.
Singleplex unit cost considered the price of the i -StarTaq kit, primers
and capillary electrophoresis reagents. In contrast, the pseudo-multiplex
unit price was estimated with a slight modification of equation 3.3 which
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corrected for the price of parameter ew as follows:
Gpm = [Rt(
∑ rv
p
)] +
ew
6
(3.4)
The equation above assumes it is possible to combine PCR products of
all six loci into one well.
Finally, the cost of genotyping with the multiplex technique was esti-
mated using equation 3.4, but also considered the cost of multiplex PCR
kits, primers and capillary electrophoresis reagents.
3.3 Results
3.3.1 Multiplex optimisation
MULTIPLEX MANAGER results suggested the possibility of combining all
six loci in one single reaction (Figure 3.2). The next ranked result indicated
the possibility of constructing two multiplexes of three loci each. As the
objective was to minimise the number of reactions, the best ranked solution
was chosen for empirical testing.
When DNA extracts were amplified using the suggested multiplex assay,
all specimens were amplified successfully. Profiles exhibited sharp peaks (i.e.
narrow and well defined), and homogeneous amplification across loci (Figure
3.3).
Pseudo-multiplexing was successfully trialled while generating some of
the genetic profiles in chapter 2. Genotypes generated with this approach
also exhibited sharp peaks. Despite observation of some variation in the
intensity of peaks across loci, the simultaneous addition of PCR products
generated on different singleplex reactions did not appear to effect the resolu-
tion of capillary electrophoresis, nor to have generated negative interactions
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between alleles of PCR products.
Multiplex evaluation
Capillary electrophoresis produced different allele size estimates between
fragments amplified by singleplex and multiplex reactions. Locus Tv53
showed the largest difference in base pairs (mean, range: 0.95, -2.05–1.45)
followed by locus Tv58 and TvM1 (0.68, -1.42–0.75; 0.11, -0.44–0.30 respec-
tively). The largest difference between allele size estimates was observed in
locus Tv19 (0.06, -5.75–5.58). Locus Tv27 and Tv5.64 showed the lowest
differences (0.07, -0.37–0.35; 0.02, -0.98–0.96 respectively).
Size estimates of alleles generated with singleplex and multiplex ap-
proaches fitted well with designated allele categories. The first ANCOVA
model showed the effects of the interaction between covariate and treatment
was not significantly different from zero at any loci (data not shown), which
indicates the slopes of the regression between allele size estimates and allele
size categories are similar across amplification regimes. The second model
(equation 3.2) showed significant covariate effects across all loci and a sig-
nificant treatment effect at three loci: Tv53, Tv58 and TvM1 (Table 3.1).
Significant covariate effects suggests there is one regression line regardless of
the factor level. A significant covariate effect plus a significant treatment in-
dicates that although regression lines have similar slopes their intercepts are
different. The difference in intercepts suggests that size estimates obtained
from different amplification regimes are different. Differences in intercept
values can be confirmed in Table 3.1 and visualised in Figure 3.4. Despite
these effects, intercept confidence intervals of regression lines at locus Tv53,
Tv58 and TvM1 overlap, suggesting the relationship with the covariate is
still approximately 1:1.
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Figure 3.4: Linear regression models of allele sizes estimates of products
generated by singleplex and multiplex PCR approaches versus discrete allele
categories designated in chapter 3
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Table 3.1: Summary of linear regression parameters between amplifica-
tion approaches. P -values correspond to ANCOVA’s results of treatment
effects. A non-significant result suggests there is no significant difference
between the intercept values - i.e. there is no treatment effect
Singleplex Multiplex
Locus Intercept CI Intercept CI P -value
Tv19 2.81 8.53, -2.92 16.34 35.10, -2.42 0.799
Tv27 1.41 4.67,-1.86 1.52 4.77, -1.73 0.595
Tv53 -9.21 -4.52, -13.90 -10.99 -2.79, -19.18 < 0.001
Tv58 -1.90 0.96,-4.75 -4.89 -2.05, -7.72 < 0.001
Tv564 5.38 5.76, 5.01 5.28 5.92, 4.64 0.745
TvM1 4.81 5.97, 3.66 5.12 6.21, 4.02 < 0.001
The mean error rate per locus was 7% yielding an overall observed error
rate per multi-locus genotype of 25%. In a more detailed partition of error,
locus Tv27, Tv53 and Tv58 were affected by allele drop-out yielding an over-
all weighted average of allele drop-out rate of 5%. All loci except locus Tv19
were affected by the scoring of false alleles, producing a weighted average of
false allele rate of 7% (see Table 3.2 for per locus false allele rate). Visual
inspection of the profiles confirmed that the majority of these discrepan-
cies were due to a great intensity of stuttering peaks which were mistakenly
scored as true alleles. MICROSATELIGHT peak detection routine failed to
detect the presence of peaks in six occasions, primarily affecting locus TvM1.
Similarly, the automated peak detection routine mistakenly recognised the
off-scale fluorescent signal of peaks corresponding to alleles of locus Tv5.64
as alleles of locus Tv58 (termed here as fluorochrome confusion). The former
two error classes were corrected in the final dataset. Allele mobility shifts
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Table 3.2: Summary of genotyping error categories found by comparing single-
plex replicates with multiplex replicates
Tv19 Tv27 Tv53 Tv58 Tv564 TvM1
Per locus allele drop-out rate 0.00 0.09 0.11 0.13 0.00 0.00
Per locus false allele rate 0.00 0.04 0.6 0.02 0.04 0.04
Fluorophore confusion 0 0 0 3 0 0
Mobility shift 4 0 0 0 0 0
Undetected peaks 0 0 1 1 1 3
were detected but only found to affect locus Tv19. Finally, three instances
of contamination were detected.
Implementing multiplex as the amplification strategy did not have a
significant effect on the incidence of mean error rate per locus (χ2 = 0.646,
d.f. = 1, P -value = 0.421).
3.3.2 Economical benefits of multiplex implementation
After estimating the cost of obtaining a genotype with the three different
protocols outlined above, calculations showed that the implementation of a
multiplex assay allowed for a substantial reduction in the total price incurred
by running a six-locus genotype per specimen. While the processing price
per unit was lower with the pseudo-multiplex approach, the reduction in
the total number of PCRs required with the multiplex assay decreased the
overall resource usage (Table 3.3).
A projection of the cost of processing large numbers of specimens con-
firms the economic advantages of implementing true multiplexing over other
amplification strategies. Figure 3.5 projects a reduction of 92.28 % in the
total cost of genotyping 1000 specimens when implementing a multiplex ap-
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Table 3.3: PCR costs (NZD) per sample unit as incurred by different
amplification approaches
Genotyping factors Singleplex Pseudo-Multiplex Multiplex
PCR constituents 0.35 0.35 1.00
Primers 0.25 0.25 0.25
Capillary electrophoresis 7.50 1.25 1.25
Unit price per PCR 8.10 1.85 2.50
Number of PCRs required 6 6 1
Total genotyping cost (NZD) 48.57 5.42 3.75
proach. Pseudo-multiplex followed closely with a reduction of 88.85% of
the total cost of genotyping the same number of individuals with singleplex
approach.
Figure 3.5: Projection of the cost of genotyping with different amplification
approaches
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3.4 Discussion
The evidence presented here demonstrates that it is possible to assemble a
multiplex assay with six of the loci refined in Chapter 2, with little optimi-
sation. This represents a substantial reduction in the resources required for
sample processing without compromising the reproducibility and reliability
of the results.
While multiplexing has still not been widely implemented in the context
of NIGM, its potential to improve the efficiency of monitoring regimes has
been acknowledged repeatedly (Guichoux et al., 2011a; Beja-Pereira et al.,
2009). Consistent with what has been found here, in recent years the num-
ber of case studies that have adopted PCR multiplexing in the context of
NIGM has increased (Luikart et al., 2008b; Martin-Galvez et al., 2011; Va-
liere et al., 2007; Skrbinsek et al., 2010). The uptake of multiplexing as a
suitable amplification strategy for wildlife monitoring might be further facil-
itated in the medium term thanks to the continued development of ever more
sophisticated software dedicated to constructing multiplex assays (Vallone &
Butler, 2004; Shen et al., 2010), refined guidelines for multiplex development
(Guichoux et al., 2011a), and the adoption of faster and more economic tech-
niques to discover candidate microsatellite loci (e.g. 454 pyrrosequencing,
Lepais & Bacles, 2011).
Under certain circumstances, the benefits of a multiplex amplification
strategy targeted at amplifying non-invasively collected samples might be
hampered by the costs of developing a robust protocol, particularly if ex-
isting primers need to be redesigned or a two stage multiplex strategy is
being considered (Arandjelovic et al., 2009; De Barba & Waits, 2010). Here
the use of amplification kits developed for multiplexing, the prior refine-
ment of loci involved, and the use of highly concentrated fresh DNA as the
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template might have contributed to the positive results observed. It follows
that further refinement will be necessary when the protocol is used with low
quantities and quality of DNA.
The implementation of a multiplex PCR assay appears not to have af-
fected the consistency of allele size estimation across loci. While a significant
treatment effect was detected for loci Tv53, Tv58 and TvM1, the fact that
the intercepts confidence intervals of linear models at these loci overlap sug-
gests that these differences could be considered part of the standard error.
Standard error in the sizing of alleles between replicates of the same samples
are seldom reported, but error is known to occur even when using the same
protocols. For instance, in a study that demonstrated non-negligible effects
in allele sizing when using different fluorochrome dyes on the same locus,
Sutton et al. (2011) found a within-dye difference in sizing of 0 to 0.25 bp
in replicates that were generated with the same protocols. Haberl & Tautz
(1999) in turn found a small range of mean differences between replicates of
selected alleles (0.07–0.14), and Pasqualotto et al. (2007) reported a mean
difference of 0.2 and a range of 0.0–1.0 for alleles sized in the same machine.
Although small differences in the sizing of alleles between replicates is
expected, cross-referencing confirmed the presence of a compelling source of
discrepancies in the dataset: mobility shifts. While inspecting the possible
cause of mobility shift cases, it was found that singleplex PCR products of
the specimens that displayed this type of error were submitted to a differ-
ent sequencing machine for capillary electrophoresis (located at Canterbury
University School of Biological Sciences). It is possible that cross-platform
differences in the chemical conditions of capillary electrophoresis are the
cause of the large differences in allele size estimates observed at this locus,
as has been already suggested in the literature (Pasqualotto et al., 2007;
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Haberl & Tautz, 1999; Ellis et al., 2011). It is remarkable that despite this
issue, the mean difference between replicates in these two loci is still one
of the lowest registered, demonstrating a high level of consistency in al-
lele sizing provided samples are measured under the same electrophoretic
conditions.
The large mean difference in size estimates observed for locus Tv53 high-
lighted the issue of false allele occurrence. It has been suggested that highly
polymorphic loci that amplify larger fragments are more prone to error and
should be avoided or their primers redesigned to amplify smaller fragments
(Hoffman & Amos, 2005). This might be the case for locus Tv53, which typ-
ically exhibited what has been termed “hedgehog” topography (Ellis et al.,
2011). That is, high intensity of stuttering peaks and high prevalence of ad-
jacent alleles (i.e. alleles separated by one repeat motif). Hedgehog profiles
makes the task of recognising the true underlying allele difficult, even with
the help of automated software. Despite a lengthy optimisation process,
profiles of locus Tv53 still displayed a high incidence of stuttering bands,
which potentially warrants primer re-design. Alternatively, Tv53 could be
excluded from the multiplex assay and its amplification trialled in standard
reactions using next generation polymerases (e.g. fuzion enzymes Fazekas
et al., 2010) or by decreasing the denaturation temperature during the ini-
tial step of the PCR (Olejniczak & Krzyzosiak, 2006). Since these solutions
require further time and resources beyond the scope of this thesis, the most
practical solution is to consider the addition of new microsatellite loci to the
panel in order to replace Tv53.
Given that a greater number of samples were replicated in this trial (n
= 27), the observed error rate per multi-locus genotype decreased in rela-
tion to the rate reported in the previous chapter (33.33%). In addition, one
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more locus was found to be affected by allele drop-out (Tv53), while the
the remaining two showed a reduction in the per locus allele drop-out rate.
This reduction in rates suggests a slight over-estimation of these parameters
in the previous chapter, potentially due to the low sample size of replicated
experiments (n = 8). In contrast, the number of loci affected by false al-
lele occurrence increased noticeably in relation to the previous experiment,
driving the overall increase in the fw. It is possible that the change in ampli-
fication parameters implemented for multiplexing, in particular the change
in annealing temperature, increased the intensity of stuttering peaks and
thus the scoring of false alleles. Such non-specific amplification has been
suggested as one of the causes preventing the widespread adoption of multi-
plexing for wildlife forensic applications (Karaiskou & Primmer, 2008). An
alternative explanation for non-specific amplification is the use of subopti-
mal concentrations of template DNA, which has been deemed responsible
for exacerbating stuttering issues. For instance, human forensic scientists
have considered it necessary to establish a narrow but optimal range of tem-
plate DNA concentrations for microsatellite amplification systems in order
to mitigate the occurrence of stuttering peaks (Kline et al., 2005; Nicklas &
Buel, 2003).
Three instances of contamination were detected, which forced the ex-
clusion of those samples from the analysis. Since the negative controls of
the experiments were clean, contamination or sample confusion probably
occurred at the moment of transferring aliquots of DNA extracts into new
tubes. Sample confusion could have also occurred while labelling tubes.
Despite a higher number of samples being replicated, only one more case
of contamination/sample confusion than the previous chapter is reported.
While this finding is consistent with the conclusion that these errors reflect
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the level of training of laboratory personnel, it highlights the need for a strict
database management system in order to prevent such errors (Paetkau, 2003;
Van Rossum et al., 2010; Truong et al., 2011).
3.5 Conclusions
This chapter provides evidence of successful multiplex amplification of six
loci originally included in the panel. Multiplex PCR did not have an ef-
fect on the reproducibility of results and represents a substantial saving of
resources. Alleles from locus Tv53 should be scored with caution. It is
recommended that protocols for amplification of this particular locus be re-
optimised. Alternatively, its replacement by the inclusion of a locus with
equivalent polymorphism should be considered in the future.
Despite the higher incidence of stochastic genotyping error in this exper-
iment than in the previous chapter, genetic profiles generated by multiplex
protocols can be considered reliable when amplification and capillary elec-
trophoresis is performed under standardised conditions. However, in the fu-
ture it will be necessary to find the optimal concentration of template DNA,
as high concentrations can possibly increase the incidence of amplification
artefacts such as stuttering peaks. Since it is anticipated that differences
in size estimates will be observed when slight modifications of the protocol
are implemented in different laboratories, it is recommended that all alleles
should be sequenced in order to determine their true length. The infor-
mation generated will serve to build a customised size standard ladder, as
recommended by LaHood et al. (2002), that will facilitate standardisation
across laboratories.
Although it is encouraging to see that only one more case of contami-
nation was reported in relation to the previous chapter, a call for greater
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caution against clerical errors is reiterated, as this still represents a major
cause for discrepancies among genotypes. Future studies that use the pro-
tocol developed here will require reinforced training of personnel involved
and implementing tighter quality control measures. Parallel to the use of
automated routines for scoring and binning, independent visual inspection
and scoring of alleles should become standard practice.
Chapter 4
Protocol evaluation with low
template DNA
4.1 Introduction
Despite a large number of studies focused on the more common use of hair
and faeces as non-invasive sources of DNA, saliva is known as a suitable
medium from which to collect DNA. DNA retrieved from saliva is used rou-
tinely for human clinical studies (Ng et al., 2004). Usage has also extended
to the study of population genetics and ecology of several vertebrate groups
including mammals (Blejwas et al., 2006), birds (Yannic et al., 2011), rep-
tiles (Schulte et al., 2011), amphibians (Broquet et al., 2007a) and fish (Livia
et al., 2006). In genetic studies of wildlife populations, the preferred method
of saliva collection is by means of buccal swabs. While in some situations
the collection of buccal epithelial cells can be achieved without locating the
animal (e.g. by swabbing injuries inflicted by predators, in cases where the
animal in question is the predator, Blejwas et al., 2006), mostly epithelial
cell collection still requires the capture and physical handling of animals.
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With obvious drawbacks to this method of collection, the use of interference
devices to collect saliva samples is a sound alternative. A challenging lim-
itation in using saliva from interference devices is that the DNA retrieved
can often be of low quantity and/or quality.
In the NIGM literature, low quantity and quality DNA is frequently asso-
ciated with the occurrence of stochastic genotyping error, affecting different
loci to varying degrees (Broquet et al., 2007b; Hoffman & Amos, 2005). The
extent to which stochastic genotyping errors are caused by DNA of low qual-
ity or low quantity, is not well understood. Investigating the incidence of
genotyping error when either DNA quality or quantity is controlled could
allows us to identify which variable is of greatest influence. While establish-
ing the causes of error, it is also possible to identify loci that are particularly
susceptible to the influence of these factors (i.e. DNA quality or quantity).
This chapter investigates the influence of decreasing template DNA con-
centration retrieved from a source assumed to yield DNA of optimal quality
(e.g. tissue), on the optimised multiplex protocol performance. In a sec-
ond instance, the effects on the same protocol were assessed using template
DNA retrieved from Waxtags, assuming DNA obtained from saliva is of
lesser quality, as well as quantity, than that retrieved from tissue. The
effect of these variables on the amplification success and occurrence of geno-
typing error across loci was also investigated. Finally, recommendations on
how to improve the use of salivary samples as a substrate to obtain DNA
non-invasively are discussed.
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4.2 Materials and methods
4.2.1 Data preparation
Dilution of DNA extracted from tissue
Equalised DNA extracts prepared in section 3.2.1 were subjected to a 1:6
dilution in buffer AE (QIAGEN). Dilutions were prepared using a 5–50 µL
multi-channelled pipette and a 96 well plate. Diluted extracts were mea-
sured twice to provide an approximate range of their final concentration.
Assuming the concentration of equalised samples was 27.5 ng/µL, a con-
centration of approximately 3.43 ng/µL per sample (equivalent to 12.5% of
the original extract) was attained. Diluted extracts (n = 29) were separated
into sterile 1.5 mL screw cap tubes (Axygen, Inc.), each fitted with a printed
label with a unique identifier, and stored at −20 ◦C.
DNA collection with WaxTags
Waxtags were presented to captive possums kept in individual pens at the
CWMC. Collectors were given the option to present two tags to the same
possum at their discretion. A total of 24 tags were collected. Tags were
left overnight and collected the following morning, when they were finally
submitted to the molecular ecology laboratory at Lincoln University.
Extraction of DNA followed the “AL” extraction protocol of Vargas et al.
(2009), with slight modifications. Waxtags were examined for teeth marks,
which were subsequently excised away from the main wax block using a
surgical blade. Blades were replaced for each tag to prevent contamination.
The resulting pieces of wax containing clear dentition marks were stored in
a 15 ml sterile screw-cap tubes (Axygen, Inc.). Fourteen mL of Phosphate
buffered saline, pH 7.4 (PBS) was added to each tube and centrifuged at 1500
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g for 10 min. The supernatant was extracted and disposed of, along with
the pieces of wax. The remaining 200 µL were transferred to a 1.5 µL micro
centrifuge tube. 200 µL of buffer AL (QIAGEN) and 20 µL of proteinase K
(QIAGEN) were then added to each tube. The mixture was incubated for 24
hours in a dry oven at 56 ◦C. After incubation, 200 µL of 100% EtOH was
added to the mix and vortexed thoroughly. The remainder of the extraction
protocol followed the steps described in section 2.2.2, except that samples
were eluted twice in 50 µL of buffer AE (QIAGEN), ultimately yielding 100
µL solutions.
Quantification and screening of DNA extracts from Waxtags
DNA concentration of samples obtained from Waxtags was not quantified,
since these samples were assumed to contain exogenous DNA (e.g. DNA
from bacteria) and possibly other contaminants (e.g. food compounds).
Accordingly, samples obtained form Waxtags were only screened for the
presence of possum DNA using the procedure described in section 2.2.2.
When positive bands were detected, samples were used as a template for
microsatellite amplification.
Microsatellite amplification
In order to investigate whether a reduction in the concentration of tem-
plate DNA affects the quality of genotyping results, the optimised multiplex
protocol from chapter 3 was used to amplify extracts diluted in section 4.2.1.
A second trial was also set up to assess whether quantity and quality of
template DNA retrieved from Waxtags affected the precision and sensitivity
of the protocol. Extracts from Waxtags were amplified in 12 µL reactions
containing 4 µL of template DNA, 5 µL of 2x multiplex PCR kit master mix
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(final concentration 1x, QIAGEN), 0,5 µL of RNAse free water and 1 µL
of forward and reverse primer solution. In order to trial the amplification
of very low concentrations of template DNA, the number of PCR cycles
was increased as follows: denaturation at 95 ◦C for 15 min, then 40 cycles
of denaturation at 94 ◦C for 30 sec, annealing temperature (57.8 ◦C) for 90
sec and extension at 72 ◦C for 90 sec, followed by a final extension time at
72 ◦C for 10 min. Amplification of DNA extracts obtained from Waxtags
was repeated twice.
4.2.2 Data analysis
Precision of DNA quantification
To account for variability when measuring DNA concentration, the mean,
median and the range of all measurements in each trial were estimated.
Differences between values were compared using a paired t-test. The null
hypothesis tested was that the mean difference between the measurements
was not significantly different from zero.
Amplification success and genotyping error of profiles obtained
from DNA of reduced concentration
Protocol sensitivity to changes in the concentration of template DNA was
estimated by determining amplification success and genotyping error rates.
Amplification success, defined as the ratio of the number of positive reactions
to the total number of reactions attempted, was estimated per locus. The
visualisation of at least one allele at four or more loci was considered a pos-
itive amplification. The occurrence of stochastic and systematic genotyping
error was quantified using reference genotypes generated in chapter 2 and
chapter 3. Reference genotypes were compared to genotypes generated from
4.2. MATERIALS AND METHODS 73
diluted samples, allowing the inference of a final consensus genotype. Alleles
of consensus genotypes were considered only when observed at least twice
among replicates. Since discrepancies between the two reference genotypes
were already reported in chapter 3, only discrepancies between genotypes
obtained from diluted extracts and reference genotypes were accounted for
to maintain a consistent assessment of genotyping error causes, the same cat-
egories of genotyping error outlined in section 2.2.6 were taken into account.
Mean error rate per locus and mean error rate per multi-locus genotype were
also estimated as described in section 2.2.6.
Amplification success and genotyping error of profiles obtained
from DNA retrieved from Waxtags
The per locus amplification success was estimated for the profiles obtained
from Waxtags as described in the previous section. Genotypes were further
categorised as “partially” positive if they exhibited alleles for at least one
of four loci. Positive, as well as partially positive, samples were included in
the amplification success quantification.
The genotypes of samples obtained from Waxtags were replicated twice
only. At this level of replication it was not possible to associate each er-
ror with a possible cause. Hence, only the mean error rate per locus and
observed error rate per multi-locus genotype were quantified based on the
comparison between positive profiles (n = 10 pairwise comparisons between
positive replicates).
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Effects of reduced DNA quantity or quality on amplification suc-
cess and frequency of error
The per locus ratios of amplification success obtained from both template
DNA classes (i.e. diluted DNA and DNA retrieved from Waxtags) were
ranked by the length of locus amplicon. Two categories were considered:
loci producing amplicons < 200 base pairs and loci producing amplicons ≥
200 base pairs. The interaction of amplicon length and template DNA class,
and its effect on locus amplification success was analysed with a generalised
linear model with a binomial error distribution and logit-link function. Bino-
mial error distribution was considered appropriate as the sample size from
the different classes of template DNA was unbalanced and non-normally
distributed.
Results of mean error rate per locus were categorised according to the
quantity and quality of DNA sources. The dataset included the el between
profiles estimated on the experiments in this chapter and also those from
chapter 3. Three classes of template DNA were considered: DNA of good
quantity and quality (i.e. DNA extracts as prepared in section 3.2.1), DNA
of low quantity and good quality (i.e. diluted DNA as prepared in section
4.2.1), and DNA of low quantity and quality (i.e. DNA retrieved from
Waxtags). The effect of template DNA quantity or quality on the el was also
analysed using a generalised linear model with a binomial error distribution
and logit link function.
When generalised linear models indicated significant differences post-
hoc, pairwise comparisons of mean values were undertaken using Fisher’s
restricted LSD test at α=0.05.
All analyses were conducted using the GENSTAT package (v. 14).
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4.3 Results
4.3.1 Precision of DNA quantification
The mean difference between measurements of diluted DNA concentrations
was 0.18 ng/µL (t = -0.69, P -value = 0.49), thus the H0 was not rejected.
The median and the range differed slightly on two occasions (NS) (median,
range: 2.61 ng/µL, 0.36–5.2 ng/µL; 2.62 ng/µL, 0.28–5.7 ng/µL).
4.3.2 Amplification of diluted DNA
Of the 29 diluted extracts, 28 (96,55%) consistently showed positive peaks
for 4 or more loci.The only sample failing to show positive peaks for all loci
had a DNA concentration of ≈ 1.93 ng/µL. Amplification success varied
among loci. Locus Tv53 and locus Tv19 were the most affected by reaction
failure (Table 4.1).
Thirty one mismatches were observed in 150 pairwise comparisons of sin-
gle locus genotypes, yielding a mean error rate per locus of 10%. However, as
the observed discrepancies were concentrated in just 15 of the samples this
increased the observed error rate per multi-locus genotype to 30%. Samples
were more affected by allele drop-out (weighted average of allele drop-out
rate (pw) = 10%) than by false alleles (fw = 1%). Four instances of con-
tamination were detected.
4.3.3 Amplification of DNA retrieved from Waxtags
Of 24 samples, 18 exhibited positive bands for the CO-I barcoding region
(74.9%). Ten of the eighteen samples generated positive profiles for mi-
crosatellite amplification (55.5%). The remaining eight generated only par-
tially positive genotypes (44.4%).
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Table 4.1: Summary of amplification success (success), per locus allele drop-
out rate (pl) and per locus false allele rate (fl) for replicates obtained from
diluted DNA template. Only error rate per locus (el) is presented for repli-
cates obtained from Waxtags
Diluted DNA DNA retrieved from Waxtags
Locus success (%) pl fl el success (%) el
Tv19 86.21 0.09 0.00 0.12 77.78 0.25
Tv27 93.10 0.13 0.00 0.10 88.89 0.25
Tv53 82.76 0.16 0.03 0.20 44.44 0.25
Tv58 96.55 0.38 0.00 0.08 94.44 0.05
Tv5.64 93.10 0.00 0.00 0.04 83.33 0.2
TvM1 93.10 0.11 0.00 0.08 50.00 0.25
Low amplification success affected loci Tv19, Tv53 and TvM1 while loci
Tv27, Tv58 and Tv5.64 showed higher and more consistent amplification
(Table 4.1). The per locus error rate was high for all loci except locus Tv58
and Tv5.64 (Table 4.1), yielding a mean error rate per locus of 21% and a
observed error rate per multi-locus genotype of 45%.
4.3.4 Effects of locus and template DNA characteristics on
amplification success and frequency of error
For each of the two template DNA classes, amplification success of alleles ≥
200 base pairs was lower than alleles < 200 base pairs (Figure 2.1). How-
ever, the post-hoc comparison of means indicated that difference between
amplicon length and template DNA class was only significant for samples
retrieved from Waxtags and amplifying fragments ≥ 200 base pairs (χ2 =
31.9, d.f. = 3, P -value < 0.001) (Figure 2.1). Amplification success of am-
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plicons extracted from Waxtag DNA was statistically lower than that of
diluted DNA.
Amplicon length
Less than 200 bp Greater or equal than 200 bp
Am
pl
ific
at
io
n 
su
cc
es
s
0.0
0.2
0.4
0.6
0.8
1.0 a
a
b
a
Diluted DNA
S.E.M.
DNA retrieved from WT
Figure 4.1: Decrease in amplification success due to the interaction between
amplicon size and quantity and quality of template DNA used to generate
profiles for individual possums. Letter ‘b’ indicates significant differences
between means according to Fisher’s LSD test (α = 0.05)
DNA retrieved from Waxtags also demonstrated a significant increase in
the proportion of mean error rate per locus compared to diluted DNA (χ2
= 16.26, d.f. = 2, P -value < 0.001) (Figure 4.2).
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Figure 4.2: Increase in mean error rate per locus according to the quantity
and quality of template DNA used to generate profiles of individual pos-
sums. Letter ‘b’ indicates significant differences between means according
to Fisher’s LSD test (α = 0.05)
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4.4 Discussion
Despite substantial optimisation of the microsatellite amplification proto-
col, it was not possible to achieve individual identification of possums using
DNA retrieved from Waxtags. Results presented in this chapter suggest
that, rather than a technical limitation of the microsatellite amplification
system, there is great variability in the ability of Waxtags to provide DNA
of sufficient quantity and/or quality to achieve positive and reliable amplifi-
cation. Whilst the concentration of template DNA retrieved from Waxtags
was not quantified (see section 4.2.1), measurements of DNA concentration
from a previous batch of extracts — excluded for the present trials due
to evidence of contagion — indicated that Waxtags typically retrieve low
quantities of DNA (median, range: 0.93 ng/µL, 0.1–9.22 ng/µL). While it is
clearly possible to recover DNA from the saliva of possums, new strategies
to maximise DNA yield from this source material, as well as to reduce its
exposure to the environment, need to be explored when deciding upon the
adoption of the microsatellite amplification system developed throughout
this thesis.
The high frequency of error and the low amplification success of larger
amplicons associated with DNA from Waxtags (Figure 4.1 and 4.2) suggests
that quality of DNA (i.e. DNA degraded by exposure to the environment
or contaminated with PCR inhibitors), rather than quantity, is the limit-
ing factor in the sensitivity and reliability of the protocol developed in this
thesis. Given that most of the microsatellite loci used in this study are
dinucleotides, these results are partially consistent with the conclusions of
Broquet et al. (2007b). The authors of this study demonstrated that mi-
crosatellite loci with large amplicons and longer repeat motifs exacerbate the
already deleterious effects of low quantity and quality DNA (e.g. retrieved
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from faeces or hair) on amplification success and the occurrence of stochas-
tic genotyping error. Broquet et al. (2007b) did not discard, however, the
occurrence of additional case specific factors interfering with amplification
and genotyping error. Results found here suggest that alongside locus char-
acteristics, the presence of PCR inhibitors or DNA degradation of salivary
samples might be affecting the sensitivity and reliability of the microsatellite
amplification system developed throughout this work.
DNA degradation is a common occurrence of non-invasively collected
samples, such as that collected from Waxtags. Exogenous endonuclease ac-
tivities, as well as DNA hydrolitic and oxidative decomposition, start rapidly
as cellular metabolic processes decline (Lindahl, 1993). Because there are
many pathways in which DNA can be degraded, the rate of degradation
appears to be sample specific, although a possible pattern can be detected:
copy number decreases as fragment size increases (Deagle et al., 2006). In
that respect, salivary samples collected with Waxtags might contain a higher
proportion of smaller fragments of DNA which explains why the rate of am-
plification success of loci with smaller amplicons is higher. As Waxtags are
left in the environment for less than 26 hours, it could be argued that DNA
degradation by environmental exposure is not the primary factor in this case.
It is possible that other factors, such as the presence of PCR inhibitors in
the samples, are interfering with the amplification of DNA retrieved from
Waxtags.
A variety of PCR inhibitors have been reported in the literature, ranging
from endogenous substances, such as contaminants found in forensic samples
(e.g. haemoglobin), to exogenous agents including food constituents (e.g.
organic phenolic compounds) and contaminants found in the environment
(e.g. heavy metals or bacterial cells) (Wilson, 1997; Alaeddini, 2012). Most
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relevant to salivary samples is the presence of bacterial and food traces. For
instance, the amount of bacterial DNA present in salivary samples has been
associated with decreased reliability of human genotyping assays (Herraez &
Stoneking, 2008). The high abundance of bacteria and presence of inhibitory
compounds on dental surfaces (Parrish & Greenberg, 1995) indicates the
possibility that possum salivary samples retrieved from Waxtags could also
have a high amount of bacteria and PCR inhibitors.
While the rate of genotyping error in profiles obtained from diluted sam-
ples (Table 4.1) was not significantly higher in relation to the genotyping
error found in the previous chapter (i.e. samples of good quality), the in-
crease of the per locus allele drop-out rate is apparent. Locus Tv58 in
particular, suffers from a high rate of this type of error apparently caused
by the preferential amplification of allele 132 over allele 124. The higher
rate of allele drop-out is intriguing because it is contrary to the hypothesis
that smaller fragments have higher amplification success (which is largely
supported by this chapter’s own results). One of the suggested mechanisms
for allele drop-out is that a lower content of CG at the flanking sequence
favours the denaturation of one of the alleles over the other, and as a result
is preferentially amplified (Walsh et al., 1992).
The difficulty in associating cases of allele drop-out or false alleles to
possible causes that fit all cases precludes the formulation of solid conclu-
sions on how to avoid such errors. However, in practical terms, it seems
there is a threshold of optimal template DNA concentration above which
stuttering is exacerbated thus increasing the rate of false allele occurrence,
and below which allele drop-out becomes more frequent. The existence of an
optimal template DNA concentration range for microsatellite amplification
systems is consistent with what has been observed in model organisms such
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as humans, a fact that was highlighted earlier in this thesis (see section 3.4).
The inability to quantify the rates of false alleles and allele drop-out in
profiles generated from salivary samples is admittedly a weak point of this
chapter. Time constraints and small sample sizes precluded the estimation
of these important parameters, which are critical for a complete assessment
of the suitability of salivary samples for genotyping assays. Such parameters
allow simulation of the impact of stochastic genotyping error on intended
downstream analyses (e.g. population abundance estimation). The classic
multi-tube approach developed by Taberlet et al. (1996) is the most widely
adopted procedure to estimate the rates of allele drop-out and false alleles
in non-invasive samples. The multi-tube method requires the replication of
PCRs up to seven times for every sample in order to obtain a consensus
genotype. Despite its widespread adoption, this approach is time consum-
ing and expensive. Such drawbacks have lead to the proposal of slightly
more efficient variations of this method such as the comparative multi-tube
approach (Frantz et al., 2003) and reference genotypes approach (Adams &
Waits, 2007). While these methods have contributed to reducing the num-
ber of replicate PCRs, a considerable number of replicates are still needed
under this framework. As an alternative, recently developed methods incor-
porate statistical approaches to estimate the magnitude of genotyping error
(Johnson & Haydon, 2007; Miller et al., 2002). Statistical estimates could
easily be tested as these require only a duplicated set of PCRs.
Currently there are several methods to quantify DNA damage and the
presence of PCR inhibitors (Deagle et al., 2006; King et al., 2009). Once
inhibitors are detected, the use of appropriate additives that facilitate am-
plification of contaminated samples (e.g. BSA) could be tested. Similarly,
the use of whole genome amplification can be tested to increase the copy
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number of low quantity and degraded template DNA (Konakandla et al.,
2006). It must be noted that the cost of implementing these techniques
needs to be judged against the cost of developing a better strategy to collect
DNA, as discussed below.
4.4.1 Recommendations on the collection of salivary samples
The evidence gathered in this chapter indicates that DNA retrieved from
Waxtags is of variable low quality, yet saliva remains an attractive medium
from which to isolate possum DNA. The majority of studies reporting the
use of saliva as a non-invasive DNA source have collected samples by buccal
swabbing. The surface of the collection material (e.g. the cotton swab) on
which saliva is gathered can play a critical role in preserving DNA quan-
tity and integrity. Novel methods developed for collecting DNA samples for
human clinical studies should also be considered for enhancing collection of
possum DNA. The Oragene technique (OraSure Technologies, Inc.) is based
on the prolonged soaking of a sponge in saliva where the sponge is placed
within the cheek pouch (i.e. the space between the cheek and the gums) of
the subject for approximately 15 minutes. The Oragene collection method
has been subsequently trialled in the domestic dog and demonstrated a 28-
fold increase in DNA yield compared to cotton swabbing (Mitsouras & Faul-
haber, 2009). Ng et al. (2004) report that a minimum of 2 mL of human
saliva is necessary to retain DNA of the required quality to amplify a frag-
ment of up to 581 bp. Furthermore, it is possible to delay the amplification
of samples for up to one month in sub-optimal conditions and still get a
positive result. While the time required for an optimal collection of saliva
with Oragene method seems impractical to achieve with free ranging an-
imals, the sponge collection methods could be considered and adapted to
84CHAPTER 4. PROTOCOL EVALUATIONWITH LOWTEMPLATE DNA
collect salivary samples from possums. Another alternative is the use of
FTA cards, which have been successfully trialled as low cost substrates to
store salivary samples containing DNA (e.g. Livia et al., 2006). It is clear
from this discussion that the way interference devices collect DNA can be
improved.
4.5 Conclusions
A reduction in the concentration of template DNA isolated from tissue did
not cause a reduction in the performance of the optimised microsatellite
amplification system developed here. While statistical tests did not detect
a significant reduction in the amplification success or an increase in the
incidence of genotyping error, there was an increase in the per locus incidence
of allele drop-out and a reduction in the occurrence of false alleles. This
suggests the existence of an optimal template DNA concentration threshold
that balances the occurrence of these classes of error. In future studies,
it would be desirable to explore the existence of this threshold in order
to mitigate the occurrence of stochastic genotyping error in non-invasively
collected samples.
Waxtags allow non-invasive collection and isolation of DNA from pos-
sums. Although this DNA is suitable for microstellite amplification in some
cases, low quantity retrieved, DNA degradation due to exposure to the en-
vironment and the possible presence of PCR inhibitors make DNA isolated
from Waxtags of overall unsuitable quality for genotyping essays. New
strategies to maximise DNA yield from saliva collected with interference
devices, as well as to reduce its exposure to the environment, need to be
explored in order to fully exploit the capabilities of the microsatellite am-
plification system developed in this thesis (see section 4.4.1).
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It is necessary to quantify the occurrence of the major classes of stochas-
tic genotyping error (i.e. allele drop-out and false alleles) in profiles obtained
from DNA isolated from saliva. Quantification will help to further assess
suitability of saliva as a substrate for non-invasive collection of possum DNA.
Parallel to this effort, it is necessary to quantify and characterise the rate
of degradation and presence of PCR inhibitors in order to adopt adequate
techniques to overcome these problems.
Chapter 5
General discussion
The development of novel methodologies that allow accurate monitoring of
shifts in population size provides new tools to manage and eradicate pests.
The combination of DNA genotyping technology with the ability to retrieve
DNA non-invasively promises to overcome the limitations of traditional mon-
itoring methods, in particular when targeted species are elusive. Results of
this thesis indicate that it is possible to implement an efficient, reproducible,
and reliable microsatellite amplification system capable of identifying indi-
vidual possums. However, the sensitivity and reliability of the methodology
are compromised when template DNA is not of sufficient quantity and qual-
ity. The reduced amplification success and increased incidence of genotyping
errors observed here could be related to factors such as the presence of ex-
ogenous DNA, PCR inhibitors, DNA degradation due to exposure to the
environment, or the inability of interference devices to collect enough DNA
to override the deleterious effects of the previous factors.
The patterns of genetic diversity observed are in agreement with Taylor
et al. 2004, who concluded that the introduction of possums to the South
Island was undertaken repeatedly and supplemented by subsequent intro-
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ductions of mixed stocks. While the same study established that possums
in the South Island might descend predominantly from Tasmanian lineages,
there is anecdotal evidence of the introduction of stocks from mainland Aus-
tralia, at least in the Otago region. Genetic admixture would account for
the inconsistency of heterozygote deficits observed here, as well as the ob-
servations of bimodal distribution of alleles at locus Tv5.64. Population
admixture caused by behavioural changes after frequent control operations
is also likely. Possums in their native range and in captivity exhibit territo-
rial and social behaviour that is compatible with assortative mating (Stow
et al., 2006; Clinchy et al., 2004). If this is assumed to be the default be-
haviour, possum populations would eventually show signs of structuring and
inbreeding. However, previous studies on the mating system of possums in
New Zealand suggest reproduction occurs randomly (Taylor et al., 2000;
Sarre et al., 2000), and there is home range and mobility expansion as a re-
sult of population control (Blackie et al., 2011; Ji et al., 2001; Sweetapple &
Nugent, 2009). While these studies indicate that introduced possums have
a substantial level of behavioural plasticity, it is unlikely that behaviour
alone counters the effects of isolation by distance. Therefore, the patterns
observed here must pre-date the adoption of control operations and might
be the result of the manner in which current populations were founded.
Moderate levels of genetic diversity confirm that a panel of six microsatel-
lite loci has sufficient statistical power to allow identification of individual
possums. The PIsib estimated in this study guarantees that at least 250 pos-
sums can be identified by their multi-locus genotype even if some of these
are full siblings. Assuming that typical possum density can be reduced to 1
possum/km2 after aerial control (Sweetapple & Nugent, 2009), the present
method is sufficient for monitoring an extensive area (approximately 25000
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ha). The present protocol also allows monitoring of possum populations
across New Zealand’s main islands, considering the greater genetic diversity
known in populations of the North Island (Taylor et al., 2004). However,
despite demonstrating the statistical reliability of the present panel, it is
anticipated that the inclusion of additional loci will be required in order to
allow gender identification and extend the monitoring capacity to areas with
very high possum densities.
Researchers of non-invasive genetic monitoring have acknowledged the
importance of detecting and monitoring the occurrence of stochastic geno-
typing error (Pompanon et al., 2005). The monitoring scheme developed
here was expanded to include categories of error that seldom receive atten-
tion, such as mobility shifts, scoring errors originated by automated detec-
tion routines, contamination, and human error (Amos et al., 2007; Paetkau,
2003; Pasqualotto et al., 2007; Haberl & Tautz, 1999; Ellis et al., 2011).
It was also considered important to include DNA extracted from tissue in
the analysis, supporting the idea that errors can occur regardless of the
perceived quality of the samples. The occurrence of non-negligible rates of
systematic error caused by changes in protocol (mobility shifts), software
(failure to recognise peaks, size shifts), and human error (subjectivity, con-
tamination, sample swapping) illustrates the potentially high impact these
errors can have in the quality of genotyping process. Reporting this data
is important to facilitate comparison with future studies, and to stress the
need for caution, thorough training, and experience in reliable procedural
implementation.
The incidence of stochastic and systematic genotyping error remained
relatively constant despite changes during protocol development. Signifi-
cant increases in el and eobs were observed only when the concentration and
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quality of template DNA was reduced. These observations were expected
and suggest that the incidence of genotyping error cannot be attributed to
modifications in the amplification protocol (e.g. multiplexing). Although
the rates of genotyping error observed for tissue samples were unexpectedly
high, the rates fell into the range reported by similar studies (Soulsbury
et al., 2007; Hoffman & Amos, 2005; Bonin et al., 2004). Similarly, while
an increase in the occurrence of false alleles with the multiplex protocol was
observed, it is suspected the increase was due to the high concentration of
template DNA used. The low incidence of false alleles when the template
DNA concentration was reduced supports this interpretation. Nonetheless,
since the panel developed here was constituted mainly of microsatellites
with dinucleotide repeats, it is possible that the occurrence of false alleles
is related to inherent characteristics of these loci (Broquet et al., 2007b).
Altogether these observations suggest an optimal concentration of template
DNA is required to mitigate the occurrence of stochastic genotyping error.
We observed that high template DNA concentrations can increase the oc-
currence of false alleles, while a decrease in DNA quantity can lead to the
increase in the incidence of allelic drop-out. The existence of an optimal
DNA concentration threshold for microsatellite amplification systems has
been confirmed in studies of both wildlife and humans (MacDonald et al.,
2011; Nicklas & Buel, 2003; Kline et al., 2005).
Waxtags were incapable of providing DNA of sufficient quantity and
quality to allow reliable genotyping. Interference devices such as Waxtags
have a proven capacity to collect DNA (Vargas et al., 2009) but the less
than expected amplification success suggests Waxtags are unsuitable for
collecting DNA of sufficient quality possibly due to the deleterious effects of
environmental exposure. Studies that have used saliva obtained from buccal
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swabbing of free ranging animals have obtained concentrations of DNA com-
parable to those of tissue samples (Yannic et al., 2011; Prunier et al., 2012;
Martin-Galvez et al., 2011; Broquet et al., 2007a). Our amplification success
from Waxtags saliva was similar to what has been observed for stool and
hair samples (e.g. Frantz et al. 2003; Valiere et al. 2007; Gleeson et al. 2003),
possibly explained by our sampling methodology being limited to one season
(autumn) and one interference device per individual. Suboptimal preserva-
tion and extraction methods, individual variation, and high environmental
moisture could have exacerbated the degradation of DNA present in the
samples (Piggott, 2004).
DNA quantity is also an issue. From a separate batch of samples col-
lected in the field (data not included) it was estimated Waxtags retrieve
very low quantities of DNA (median, range: 0.93 ng/µL, 0.1–9.22 ng/µL).
Despite this concentration being similar to what is typically recovered from
hair or stool samples, the quantification of DNA by ultraviolet spectroscopy
at these concentrations can be inaccurate (Yannic et al., 2011). Therefore
the implementation of a more sensitive screening method (e.g. qPCR) is rec-
ommended to establish the actual concentration of DNA that Waxtags are
capable of retrieving (Morin et al., 2010). Regardless of the quantification
method, it is clear that the low concentration of DNA added to the pres-
ence of PCR inhibitors, and/or high rates of exogenous DNA (e.g. bacterial
DNA) may have inhibited amplification reactions.
Increasing the sampling frequency of each individual might overcome
the reduced capacity of interference devices to collect sufficient DNA. Non-
invasive genetic studies focus on collecting several specimens per individual
in order to increase capture probabilities and amplification rates (Gleeson
et al., 2003; Piggott et al., 2008; Marks et al., 2009). In spite of an enhanced
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sampling strategy, interference devices could be affected by contagion or neg-
ative interactions with non-target species (see Introduction). Consequently,
the design of an improved saliva collection device that allows interaction
with only a single individual and maximises the collection of buccal epithe-
lial cells is recommended.
5.1 General conclusion
The robustness, efficiency, and reproducibility of the protocol developed
here is encouraging, yet this pilot study is still incomplete. Different col-
lection and preservation strategies, the number of replicate PCRs required
to obtain a reliable multi locus genotype, or the impacts of the estimated
error rates on demographic estimation have not yet been addressed. Since
implementation of the multiplex protocol was estimated to reduce costs by
92.3%, replicating PCRs would not impose a substantial increase in genotyp-
ing costs. However, analytical approaches such as the maximum likelihood
method for error estimation (Johnson & Haydon, 2007) can avoid the need
for extensive replication and should be taken into account for future studies.
Despite the outlined issues demand attention, it is first necessary to improve
the current salivary DNA collection method to allow the protocol to become
a suitable alternative or supplement to field based monitoring methodolo-
gies. It is also clear from this discussion that a lack of understanding of the
geographic structure of possum populations hinders the ability to control
and eradicate them. In response to this need, the present method, achieved
by non-invasive or invasive sampling, can contribute to elucidate aspects of
the reproductive and movement behaviour of possums in New Zealand.
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